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Organic electronic devices are attractive for their potential to produce lightweight, 
scalable, and flexible electronics as opposed to traditional inorganic electronics. In spite 
of these advantageous properties, the implementation of organic electronics in many 
applications is still challenging because of the potential for rapid degradation upon 
environmental exposure to oxygen, humidity, and mechanical stress. To enhance the 
stability of the devices, a reliable barrier layer to prevent the ingress of moisture and 
oxygen is required as well as more stable functional layers inside the device. Both of 
these goals can be partially achieved using defect-free conformal atomic layer deposition 
(ALD) films integrated into the devices. However, the practical electrical performance as 
well as the chemical stability of ultrathin ALD films has not received much attention 
from researchers. In some cases, characterization methods for the ultrathin ALD films 
have not been established. Therefore, this dissertation work proposes to investigate the 
functional properties of ultrathin (<10 nm) ALD films to create an encapsulation barrier 
film as well as to create environmentally robust coatings for electron selective contacts in 
organic electronics to improve their reliability.  
First, the chemical stability of ALD in aqueous environments was evaluated. 
Based on the results, select ALD films were applied as either electron selective functional 
layers to modify ITO contacts in an organic solar cell or as a robust encapsulation barrier 
layers for organic solar cells. In addition, the gas barrier performance of ultrathin ALD 
films was investigated using an improved calcium corrosion test, which can discriminate 
between the intrinsic film permeation and the defect-assisted permeation. Also, the 
 xxv
mechanical failure of the barrier films in the presence of particle defects observed in the 
fabrication process of ultrathin thin films are discussed, and a method to circumvent such 
issues is suggested. Finally, this research developed two methods to improve the 
characterization of ultrathin barrier films, first in improving the measurement of the 
effective water vapor transmission rate and then a method to measure the intrinsic and 
defect assisted permeation rate through barrier films.   These methods together have 
established chemical, electrical, mechanical, and permeation characterization methods to 
evaluate the potential of ultrathin ALD film for the enhancement of the stability of 






CHAPTER 1  
INTRODUCTION 
 
1.1 Overview and Motivation 
With the development of functional organic materials,[1, 2] organic electronics 
such as organic photovoltaics (OPVs), organic light emitting diodes (OLEDs), and 
organic thin film transistors (OTFTs) have received much attention from researchers as a 
new class of electronic devices. Organic electronic devices overcome certain limitations 
of inorganic materials [3-5] possessing a number of advantages such as being lightweight, 
having a wide range of tunable properties, flexibility, and being amenability to large-area 
manufacturing process.[5-7] However, unlike inorganic devices, organic devices are highly 
susceptible to degradation from environmental exposure to UV, heat, and water vapor or 
oxygen because of their intrinsic chemical reactivity.[7-11] Therefore, resolving the issue 
of the chemical reliability of organic electronic devices is one of the top priorities for the 
long-term performance and the adoption of these devices with the advantages. 
A major effort to extend the lifetime of organic electronic devices is to prevent 
any oxidation of layers in the devices. Methods to prevent the oxidation of layers in 
organic electronics can be accomplished either by introducing chemically stable materials 
or by encapsulating the device with a gas barrier film. In conventional OPVs, low work 
function materials, such as calcium (Ca) and lithium fluoride (LiF) have been 
successfully used as electrode modification layers for low work function electrodes, but 
their susceptibility to oxidation limits the lifetime of device operation.[12-14] To prevent 
the oxidation of the low work function electrodes, an inverted OPV was introduced by 
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researchers by reducing the surface work function of more stable high work function 
electrode materials through chemical modification or the use of coatings such as 
phosphonic acids,[15, 16] polyethylenimine exothylated (PEIE),[17-19] or zinc oxide (ZnO) 
(Figure 1.1).[19-22] By creating low work function electrodes such as indium tin oxide 
(ITO) modified with the aforementioned coatings, it is possible to use high work function 
electrodes such as molybdenum oxide/silver (MoOx/Ag) as an anode electrode, thus 
providing electrical contacts with improved chemical stability.[19, 23, 24]  To date, ZnO 
modified ITO has been the primary modified electrode used in inverted organic 
photovoltaics,[20, 25-27] but ZnO is also susceptible to degradation upon exposure to 
moisture,[28-30] thus providing a reliability issue in OPVs.[31, 32] Figure 1.2 shows stability 
study of inverted OPVs with ZnO layers, and it indicates that the device performance 
degrades and the degradation rate is affected by the types of ZnO layer. Other modifiers 
such as phosphonic acids[15, 33] and PEIE[17, 18] have not undergone chemical stability 
testing in the presence of moisture in OPVs, so their susceptibility is still unknown. 
Therefore, it is still required to investigate low work function modification layers with 
good chemical stability and required electrical properties. 
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Figure 1.1 Architectures of (a) conventional organic photovoltaics which use a highly 
reactive low workfunction material for electron collection and (b) inverted organic 
photovoltaics which use a less reactive material for electron collection to improve 
stability. Adapted from reference [34]. 
 
 
Figure 1.2 Inverted OPV performance over time with sol-gel processed ZnO as an low 
work function modification layer using different zinc precursors: Zinc acetate (red), 
diethylzinc (blue), phosphonic acid-modified Zinc acetate (green), and phosphonic acid-
modified diethylzinc (gray) electrodes. Adapted from reference [31]. 
As a promising candidate for the use of low work function modification layer, 
titanium oxide (TiOx) has been watched with interest. TiOx is a semiconductor that has 
similar band energy structure with ZnO, and thus provides electron/hole selectivity that is 
required for the electrode of organic solar cells. TiOx has been widely used in dye-
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sensitized solar cell (DSSC) as an electron acceptor [35, 36]. In addition, the use of 
photocatalyst in water treatment applications has proven the water resistance of bulk TiOx 
material.  Table 1.1 compares electric and chemical properties of bulk TiOx and ZnO 
materials. Compared to ZnO, TiOx has advantages in terms of fast charge injection rate, 
and fewer sub-band gap states that reduce the potential for charge recombination. 
Therefore, it is expected to serve as a good electrode contact layer with environmental 
stability. However, the challenge is that the electron mobility of TiOx is much lower (0.1-
4 cm2/V s) than that of ZnO (200-300 cm2/V s ) so that it is difficult to replace ZnO in the 
same structure. Therefore, in order to use TiOx as a low work function modification layer, 
the high resistance of TiOx should be compensated for by methods such doping or 
fabricating an extremely thin layer to minimize resistance of the layer. Using 
conventional film deposition methods such as evaporation, sputtering, chemical vapor 
deposition methods, however, thin films in the range of 10 nm are difficult to produce 
without sacrificing the film coverage and allowing defects such as pinholes which lowers 
the shunt resistance of a photovoltaic. Therefore, atomic layer deposition (ALD), which  
can be used to control the film thickness on the order of 0.1 nm,[37, 38] is an interesting 
method to fabricate ultrathin TiOx layers for the use of low work function modification 
layers that may serve as a replacement for unstable ZnO layers. 
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Table 1.1 Property comparison of TiOx and ZnO. Adapted from reference [39, 40]. 
Properties TiOs ZnO 
Electron mobility 0.1-4 cm2/V s 200-300 cm2/V s 
Charge injection rate fast Moderate 
Stability good Poor 
Sub band gap states few Many 
Band gap 3.2-3.6 eV (anatase) 3.2-3.4 eV 
 
 
In addition, while such electrodes are in improvement over the conventional OPV 
structure, it is still desired to have a hermetic packaging to block the ingress of moisture 
and oxygen into the OPV to both prevent the potential of electrode degradation as well as 
protect the active layers of the OPV. For this purpose, commercial organic electronic 
devices still rely on conventional packaging methods such as metal lids or glass 
encapsulation to protect the device from environmental exposure. However, the 
advantages of organic electronics have not been fully utilized with these rigid type 
packaging. To prevent gas permeation into organic devices using thin film barrier, the 
film should possess no defects as well as have good coverage on a device or a substrate. 
Therefore, defect-free conformal ALD films have the potential to meet the thin-film 
barrier requirements for OPVs and other organic electronics.[26, 37, 41, 42] Moreover, ALD 
has potential to fabricate conformal thin films for the above applications to improve the 
environmental reliability of organic electronic devices. However, the chemical stability of 
ultrathin ALD films, that is precedence property, have not been studied actively. Also, 
characterization methods to evaluate the environmental stability of the ultrathin (<=10 
nm) ALD films have not been established yet.  
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Even if ALD has the potential to produce defect-free and chemically stable films, 
actual films may possess defects by external factors such as dust particles.[43, 44] The 
defects can provide stress concentrations as well, and may result in structural failure such 
as cracks in the film. In addition, those extrinsic defects contribute to the gas permeation 
rate, and reduce the barrier performance of films. Therefore, a proper investigation 
method that can identify the permeation mechanism of barrier films as well as that is 
sensitive enough to measure the low permeation rate is required to evaluate barrier film 
performance. For the measurement of gas permeation, calcium corrosion method has 
been used in recent studies.[45-47] However, those studies still have not provided the 
information of defect-assisted permeation in a barrier film.  
Therefore, the goal of this dissertation is to investigate the properties of ultrathin 
ALD films regarding its chemical stability, electric properties of ALD TiOx for a stable 
low work function modification layer, and gas barrier property for an external device 
packaging application. For the chemical stability study, an optical sensor method using 
photoluminescence spectroscopy will be introduced to investigate the stability of ultrathin 
ALD films in water. For an electrode modification layer, the electrical and chemical 
properties of ultrathin TiOx films will be investigated and demonstrated in OPV devices. 
For barrier film applications, the defect-related structural issues will be discussed first, 
and then the measurement of gas permeation will be addressed with improved gas 
permeation characterization procedures using calcium corrosion test.  
 
1.2 Objectives and scope of dissertation 
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As has been discussed above, this research will seek to improve the reliability and 
lifetime of organic electronic devices using ALD films. The research will focus on two 
strategies to achieve the goal of the reliability improvement: an internal approach to 
improve the intrinsic device reliability by employing an environmentally stable work 
function modification layer to create electron selective contacts, and an external approach 
to improve the lifetime of device by creating ALD based barrier films. In both 
approaches, the salient film properties will be characterized based on the purpose of 
applications. If necessary, new or improved characterization methods will be also 
introduced. Figure 1.3 shows the overview of research objectives of the dissertation. 
 
 
Figure 1.3 Overview of the dissertation objectives. 
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According to the objectives described above, this dissertation is organized as 
follows. First, Chapter 2 will give background information regarding organic 
photovoltaic devices and their current status regarding their reliability. Chapter 3-6 will 
present the details of ALD film study for improving device lifetime. The details of 
Chapter 3-6 are as follows: 
 
• Chapter 3 will investigate the fundamental chemical stability of ultrathin ALD 
films. For the investigation, the passivation performance of various ALD films 
exposed to water will be tested by introducing a zinc oxide (ZnO) 
photoluminescence (PL) sensor technique. Additional film characterization will 
be also performed to understand the chemical stability of the ALD films.  
• Chapter 4 will utilize an ultrathin ALD TiOx layer to create an electron selective 
contact for OPV devices. In this effort, ALD titanium oxide (TiOx) film will be 
investigated, and its chemical, structural, and electrical properties will be 
examined.  Chapter 4 will also demonstrate OPV devices with the ultrathin ALD 
films.  
• Chapter 5 will discuss the structural issues of thin ALD films for barrier film 
application. This chapter will address mechanical issues such as cracks and defect 
that can arise during the film deposition process, and will introduce possible 
solutions to avoid those structural issues using a smoothing layer and residual 
stress arrangement. 
• Chapter 6 will investigate the gas barrier performance of ALD films for the 
application of external device packaging. Chapter 6 will show improved barrier 
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performance test procedures using calcium corrosion. Also, improved analysis 
procedures to allowing the separation of intrinsic permeation and defect assisted 
permeation to the barrier performance will be shown for the first time. 
 
Finally, Chapter 7 will summarize the achievement and the contribution of this 
dissertation. Chapter 7 will also address future work that can strengthen the research and 








Chapter 2 will explain the fundamentals of organic photovoltaic (OPV) devices, 
and will describe the degradation issues of the devices related to environmental exposure. 
Afterwards, current studies to improve the environmental reliability will be discussed. 
Finally, atomic layer deposition (ALD) will be explained as a thin film fabrication 
method and its potential to fulfill the requirements of films used in the fabrication of 
OPVs such as environment stability, converge, thickness control. 
 
2.2 Device principle of organic photovoltaic 
2.2.1 Organic Semiconductors 
Organic thin film electronics such as OPVs are comprised of organic 
semiconductors. The organic semiconductors can be broadly classified into small-
molecules and polymers depending on their molecular weight and basic units.[48] The 
electro-chemical properties of the organic semiconductors such as energy levels and 
charge transport rate can be tailored by modifying the chemical structure of organic 
molecules, which provides more versatility than inorganic semiconductors. The common 
optical and electronic characteristics of organic semiconductors arise from electronic 
conjugation, the alternation of single and double bonds between carbon atom.[49] The 
delocalized π molecular orbitals formed by overlapping π atomic orbitals along the 
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backbone define the frontier electronic levels, highest occupied molecular orbital 
(HOMO, bonding orbital) and lowest unoccupied molecular orbital (LUMO, anti-
bonding orbital), depending on the configuration of signs of the pz orbital. The HOMO 
and LUMO are separated by an energy band-gap (EG) that makes such an organic 
compound a semiconductor. The HOMO and LUMO bear analogy to the valence band 
and the conduction band, respectively, in an inorganic semiconductor. Figure 2.1 
illustrates the energy band diagram of organic (inorganic) semiconductor, which shows 
location of Evac, LUMO, HOMO, and presents the EG, ionization energy (IE), electron 
affinity (EA), and work function (WF). However, being different from inorganic 
semiconductors, the organic semiconductors can be processed at low-temperature and 
large-scaled by casting or roll-to-roll process that can reduce the manufacturing costs. 
This section will introduce the fundamental knowledge of OPV device, representative 
organic electronic devices. 
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Figure 2.1 Energy band diagram of an organic semiconductor. The ionization energy (IE) 
is the energy difference between vacuum energy level (Evac) and the highest occupied 
molecular orbital (HOMO) energy level. Electron affinity is the energy difference 
between the vacuum energy level (Evac) and lowest unoccupied molecular orbital 
(LUMO) energy level. 
 
2.2.2 Organic Photovoltaics 
Organic photovoltaics (OPVs) are devices that convert sunlight into electricity by 
employing thin films of organic semiconductors. After the first invention of organic 
photovoltaics by Tang in 1986,[1] the operating principles of OPVs have been researched 
intensively. One of the most essential parts in organic photovoltaics is the light-absorbing 
semiconducting layer, also referred to as the photoactive layer. As described previously, 
if a photon with energy larger than the EG is absorbed in the light-absorbing donor layer, 
an electron is excited and forms an exciton, i.e., a bound electron-hole pair. Excitons 
diffuse to an electron acceptor layer where they dissociate and transfer an electron into 
the acceptor layer while the hole is transported in the donor layer. The energy difference 
of lowest unoccupied molecular orbital (LUMO) of donor material and the highest 
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occupied molecular orbital (HOMO) of the accepter layer help to generate an open circuit 
voltage in the OPV. In general, electron donor layer has low ionization energy (IE), and 
the electron acceptor layer has a high electron affinity (EA).[49] Depending on the 
configuration of the donor and accepter layers, the OPV can be categorized by a single, 
bilayer, disordered bulk heterojunction, and ordered heterojunction OPV as seen in 
Figure 2.2.  
 
Figure 2.2  Four device architectures of conjugated polymer-based photovoltaic cells: (a) 
single-layer PV cell; (b) bilayer PV cell; (c) disordered bulk heterojunction; (d) ordered 
bulk heterojunction. Adapted from reference [50]. 
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Figure 2.3 depicts the operating principle of a heterojunction OPV device in 
further detail through an energy band diagram. First as show in Figure 2.3 (a), photons 
with an average energy larger than the optical band-gap of the photoactive layer are 
absorbed in the photoactive donor layer, and excite an electron in the ground state to a 
higher energy state. The excited electron relaxes down to the lowest excited state and 
forms an exciton that is generally known as Coulomb-bound electron-hole pairs.[51] Since 
the binding energy of the exciton is on the order of 500 meV at room temperature and is 
larger than their thermal energy (25 meV),[52] a donor-acceptor interface is required to 
dissociate an exciton into free charge carriers, which is called a hole selective layer or an 
electron selective layer, respectively, as in Figure 2.3 (b). Once excitons reach the donor-
acceptor interface, they can dissociate to free charges and transport to their respective 
electrodes as in Figure 2.3 (c). Still, many factors such as the energy level mismatch 
between the work function (WF) of charge-collecting electrodes and the EA or IE of the 
organic semiconductor, the interfacial charge distribution, etc., can affect the charge 
collection efficiency at the interface.[51, 53] In addition, since the diffusion length of the 
exciton is short, 4- 20 nm, a bulk heterojunction structure with dimensions of nanoscale 
heterogeneity on the order of the diffusion length is preferred in order to minimize the 
charge recombination that can occur if charges were not dissociated and transferred to the 
electrode interface within.[50, 51]  
Figure 2.3 also presents common material comprising a conventional OPV 
device. Poly 3-hexylthiophene (P3HT) and phenyl-C61-butyric acid methyl ester (PCBM) 
are common donor and accepter materials used in organic photovoltaics. For the hole 





Figure 2.3 Photovoltaic processes of a conventional bulk-heterojunction OPV device 
structure illustrated using an energy band diagram: (a) The light absorption and exciton 
formation process, (b) the charge selection process at the modification electrode 
interfaces, and (c) charge collection process. 
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poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) is used for the 
high work function hole selective layer (HSL) with high WF. In an electron collecting 
electrode (cathode), aluminum is used for an electrode, and low WF materials such as 
lithium fluoride (LiF) or calcium (Ca) is widely used for an electron selective layer 
(ESL).  
Currently, the majority of research is focused on improving the power conversion 
efficiency (PCE) of the photovoltaics by finding high efficiency photoactive materials 
and improved charge selective layers. The bottleneck of the OPV cells or hybrid cells still 
lies in the reliability of the devices. Particularly, the low work function materials used for 
an electron collection layer such as LiF and Ca are highly susceptible to oxidation and 
limit the lifetime of the device in practical application.[54] Therefore, avoiding the 
degradation of those layers is primary concern for the application of OPV devices. In the 
following section, the degradation issues will be discussed, and efforts to suppress the 
degradation will be addressed by an inverted configuration, new materials, and barrier 
encapsulation. 
 
2.3 Device degradation 
The previous section 2.2 introduced a representative organic photovoltaic device, 
OPVs, and explained the principle of operation the device. Even though there has been 
significant improvement in OPV devices in terms of device performance, the critical 
challenge of OPV devices still exists in the issue of environmental stability. One 
approach to address the stability is to improve the chemical stability of the active layers. 
For example, P3HT was found to be orders of magnitude more stable than poly-
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phenylenevinylene (PPV) derivatives, which had been widely used as a p-type 
semiconducting polymer in early stage OPVs.[14, 55, 56] In addition to active layers, the 
stability issues also occur at the cathode layer and electron selective layer (ESL), whose 
work functions are low and they are susceptible to being oxidized. However, even as 
more air-stable materials are being developed, the development of such materials has not 
reached a stage which is sufficient to address the lifetime of organic electronics.[9, 57-60]  
Thus, the subsequent approach is to encapsulate organic electronic devices with a gas 
barrier layer on each side, which prevents oxygen and water vapor permeation. While 
most barrier research is focused on developing high performance barrier films to be 
placed around the exterior of the device, a few studies have begun to investigate methods 
to integrate the barrier into the electrode structure of the organic electronic devices.[11, 61-
63] Such integrated approaches simplify the structure of organic electronics and are 
attractive from a manufacturability point of view.  In general, both the electrode 
modification and barrier films can be deposited by atomic layer deposition that allows for 
excellent control over the thickness and composition of the modification and/or barrier 
layers.  Thus, the work proposed here will investigate the use of this technology to create 
both ESL and barrier films to address the stability in organic electronics. 
Figure 2.4 demonstrates the degradation of organic devices with and without 
encapsulation.[64, 65] The performance of organic devices degrades rapidly without 
encapsulation, whereas the devices with encapsulation work for an extended time. In 
2012, International Summit on Organic Photovoltaic Stability carried out a life time test 
for various OPV devices from 6 research laboratories: Institute of Physics, Ilmenau 
University, German (IAPP), National Renewable Energy Laboratory, USA (NREL), 
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Interuniversity Microelectronics Centre, Belgium (IMEC), Holst Centre, Netherlands 
(HOLST), Fraunhofer Institute for Solar Energy Systems, German (ISE), and Risø 
National Laboratory for Sustainable Energy, Denmark (Risø).[66] Figure 2.5 plots the 
results of the study in terms of power conversion efficiency (PCE) versus time. OPVs 
from IAPP and ISE have glass encapsulation, and the devices last up to 1,800 hours. OPV 
devices from Risø have thin film barriers, and lasted for 1,800 hours but with low PCE. 
The OPV device from IMEC is an inverted OPV, which will be discussed in the next 
section, also lasted for 1,800 hours. However, the performances of the other conventional 
OPVs without encapsulation decrease rapidly within 200 hours. These results suggest that 
OPV devices are very sensitive to environmental exposure, and how important the barrier 
encapsulation is to improve the environmental reliability of OPV devices. 
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(a)   
 (b)  
Figure 2.4 Degradation of organic electronic devices with and without encapsulation. (a) 
OLED devices with various encapusation showing that unencapsulated OLED degraded 
within 500 h, whereas thin film or glass encapsulated OLED last more than 2000 h,[64] (b) 




Figure 2.5 Lifetime test of various types of OPV devices from 7 research groups: 
Institute of Physics, Ilmenau University, German (IAPP), National Renewable Energy 
Laboratory, USA (NREL), Interuniversity Microelectronics Centre, Belgium (IMEC), 
Holst Centre, Netherlands (HOLST), Fraunhofer Institute for Solar Energy Systems, 
German (ISE), Risø National Laboratory for Sustainable Energy, Denmark (Risø). IAPP 
and ISE devices have glass encapsulation, the devices last more than 1,500 h. NREL, 
HOLST devices have no encapsulation showing that the power conversion efficiency 
(PCE) drops rapidly within 100 h. IMEC device is an inverted OPV, Risø devices have 
thin film encapsulation, and operate up to 1,500 h. Adapted from reference [66]. 
 
The major cause of the device degradation over time is reported as a chemical 
instability of functional layers in organic devices.[7, 9, 55, 67, 68] In particularly, the oxidation 
of layers due to the ingress of moisture and oxygen results in the chemical-electrical 
property changes and raises the degradation of the device performance. Figure 2.6 (a) 
shows the schematic of oxidation in an OPV device. Permeated oxygen and moisture 
react with functional layers at various locations of the device. In particular, the oxidation 
process is more dominant in low work function materials, In addition, hygroscopic 
organic materials such as PEDOT:PSS and P3HT can  accelerate the permeation of 
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moisture, and cause more rapid oxidation process in a device.[67, 69] For example, Figure 
2.6 (b) shows the oxidation of calcium.  In an extreme case, the oxidation process can 
cause the delamination between the layers because of the formation of gaseous products, 
which results in adhesion failure in a device as well.[70, 71] 
Therefore, major goals of research to improve the environmental reliability are 
focused on replacing the sensitive materials with more stable materials and preventing 




Figure 2.6 Chemical degradation of OPV devices. (a) Many process that conspire to 
degrade OPV devices related to ingress of oxygen and water including photo-oxidation 
effects as well as the diffusion of Al from contacts into the cell,[9] (b) TEM images for 
(left) freshly prepared and (right) aged ITO/BHJ/Ca/Al OPV devices. The calcium layer 








2.4 State of efforts to improve device lifetime 
Section 2.3 explained the degradation issue of organic photovoltaic devices, and 
the major cause of their degradation, which is chemical instability of materials. This 
section will introduce the status of research to improve the device reliability as well as 
more details of practical devices. While the issues described here are focused on OPVs, 
some of the issues are similar to those found in other organic electronic systems such as 
organic light emitting devices (OLEDs) and organic thin film transistors (OTFTs) and 
some solutions discussed herein can be applied to them (e.g., barrier film technology).  
 
2.4.1 Improving the intrinsic material stability 
One of the goals to improve the device reliability is to improve the intrinsic 
chemical stability of materials that used in devices. In OPV devices, the ESL layer or the 
cathode metal was one of the critical locations of oxidation. Still, thin interlayer materials 
are essential to act as hole blocking layers at the ESL or electron-harvesting contact, to 
enhance charge collection efficiency and reduce recombination, leading to enhanced 
device fill factor (FF) and increased device shunt resistance (RP), without undo increases 
in series resistance (RS).[72] In standard OPV devices, Ca or Al/LiF can be used as 
electron harvesting contacts.[19, 73, 74] However, it is well known that low work function 
metals with low ionization energies are highly reactive and not environmentally stable, 
thus limiting the lifetime of OPV devices when employed.[54]  
One elegant way to overcome such an issue is the so-called “inverted” BHJ PSC 
as shown Figure 1.1, a device geometry in which the charge collection is inverted in 
comparison with the standard geometry device.  In the inverted structure, the electrons 
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are collected by the bottom electrode and the holes by the top electrode (in contact with 
air in Figure 1.1). The inverted configuration removes the use of highly reactive low 
work function materials to improve device lifetime.[75, 76] The transparent conductive 
oxide contact (e.g., ITO) is modified to become an electron harvesting contact by 
lowering its work function through the introduction of interlayer materials such as 
phosphonic acids, polymer layers, and metal oxides.[9, 15, 19-21, 26, 33, 76-80] This inverted 
geometry allows one to use a high work function top metal electrode, like silver or gold 
(thus avoiding its fast oxidation and degradation), and eliminates the need of a polymeric 
hole transport layer such as PEDOT:PSS, typically of an acidic and hygroscopic material, 
on top of the transparent metal oxide bottom electrode. In this configuration, an 
additional benefit is that the permeation of oxygen or moisture takes longer time to reach 
the electron harvesting contact, and thus the device can work for longer time with less 
degradation. This is the reason that the IMEC inverted photovoltaic works for long 
lifetimes compared to other convention OPVs.[66]  
For inverted photovoltaics, Zinc oxide (ZnO) is typically used as an ESL 
interlayer since its conduction bands are located close to the LUMO level of electron 
acceptor materials such as PC61BM, and they possess a wide band gap that blocks hole 
transport to the electron-collecting contact, thus minimizing surface recombination.[13, 20, 
21, 39, 53, 78-85]  Figure 2.7 plots the energy band diagram of an inverted OPV with ZnO 
interlayer. ZnO is a promising candidate as a hole-blocking layer because it is low-cost, 
earth abundant, and provides high electron mobility for transporting charge carriers.[20, 76] 
Even if ZnO is reported to be more stable than LiF and Ca,[85-87] ZnO can be still 
hydrolytically unstable,[31, 88] and thus may present concerns in terms of long term device 
 25
stability for OPVs. In addition, the rich defect chemistry of ZnO films has also been well 
documented and these defects, which are believed to be less prominent in other oxides, 
may act as recombination centers in OPV platforms as shown in Figure 2.8. [89-93] 
Therefore, the current effort would be to find a stable electron harvesting contact layers 
that is not only chemically stable but also can provide required electrical properties to 
work as an electron harvesting layer instead of ZnO. 
As an other candidates for ESL, titanium dioxide (TiOx), caesium carbonate 
(Cs2CO3), and niobium pentoxide (Nb2O5) have been researched,[36, 94, 95] but they still 
suffer from the issue of uniform film deposition or lack of requirements of electrical 
properties for ESL such as energy band alignment with a photoactive layer.[13] Among 
those candidates, TiOx has been already used as an electron accepting material in DSSC 
devices. Also, recently, server studies have been reported the use of TiOx films in BHJ 
OPV devices.[81] However, due to the low mobility of TiOx material, there still need 
further improvement to compete with ZnO. One strategy to reduce the resistance of TiOx 
layer would be to fabricate ultrathin films (< 10 nm) using a noble deposition method 




Figure 2.7 General band structure of inverted an OPV using ZnO as an electron selective 
layer. Adapted from reference [87]. 
 
Figure 2.8 Charge recombination (a) in clean bandgap material (b) in the material with 
sub bandgap states (defect states) at the interface of ZnO and PbS in a QDSC device. The 
sub bands gap states increase the chance of recombination, resulting in decrease of OPV 
performance. Adapted from reference [96] 
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2.4.2 Development of Barrier Film Technology 
As mentioned previously, an alternative method to improve the device lifetime is 
to protect devices from the ingress of oxygen and moisture by packaging.[60, 64, 97] Figure 
2.9 (a) shows a traditional device packaging method using a metal lid or glass substrate 
can be used for the rigid device application. However, if thin film device encapsulation 
can provide considerable barrier performance, the organic thin film electronic devices can 
take their advantages such as lightweight and flexibility over inorganic electronic 
devices. In this case, the packaging can be done in two ways depending on the barrier 
film preparation.  In one case, a barrier film can be deposited on a separate substrate and 
then bonded to the device (Figure 2.9 (b)) or secondly, the barrier film can be directly 
deposited on the device (Figure 2.9 (c)). The first method is called indirect 
encapsulation. In the indirect encapsulation method, since the barrier film growth process 
does not affect the device, there is a wider range of materials and processing conditions 
that can be used to create the barrier film technology, limited primarily by the 
compatibility with the substrate material chosen. However, the lamination or bonding 
process of the barrier film on a device can be challenging using an adhesive and sealant. 
The second method is called direct encapsulation. In the direct encapsulation method, a 
barrier film is deposited on the device directly without the lamination issues, but the 
deposition process is limited by the process compatibility with the device based on 




Figure 2.9 Schematic diagrams for OLED device encapsulation structures. (a) The first 
structure shows a traditional package with a metal lid.  The second structure (b) 
laminated shows a barrier-coated lid (indirect encapsulation) sealed onto the device.  The 
third structure (c) shows a monolithic thin film barrier grown onto the device (direct 
encapsulation). Adapted from reference [64]. 
 
2.4.2.1 Gas permeation in a barrier film  
The major goal of a barrier film is to reduce oxygen and moisture permeation. 
The permeation of gas occurs due to the presence of pores or defects in a barrier film as 
seen in Figure 2.10. Depending on the size ratio of permeates and pores (Knudsen 
number), the diffusion can be progressed in different diffusion mechanisms: Knudsen 
diffusion and molecular (continuum) diffusion.[98] If the mean free path of a permeate is 
larger than or same order as the pore dimension, Knudsen diffusion mechanism governs. 
Otherwise, molecular diffusion process occurs through large pores or defects in a barrier 
film. In both cases, the effective diffusion coefficient can be defined that combines all 




Figure 2.10 Different permeation mechanism depending on defects sizes. Lattice 
permeation is responsible for intrinsic permeation of the material, and nano/macro defects 
leads to intense gas permeation depending on their size by molecular diffusion. Adapted 
from reference [99]. 
Once the effective diffusion coefficient is known, then the Fick’s second law can 
be used to predict the flux of a permeate through a barrier film in one-dimension,[98] 
   ( 2.1 ) 
where C is the concentration of a permeate, t is time, D is diffusion coefficient, x is the  
position in a barrier film. Using Eq. (2.1) with constant concentration conditions at the 
boundary,  and , the total cumulative flux of permeate can be 
derived as,[100] 
   ( 2.2 ) 
where Q is the cumulative flux, l is the barrier film thickness. As time passes, the flux 
increases but saturated finally, and the steady state flux becomes, 
  











































Figure 2.11 plots the cumulative permeation flux over time in a transient 
permeation using Eq. (2.2). The slope, which is the flux, approaches to DC1/l in the 
steady state region as time passes. In addition, using the slope lag-time (L) can be defined 
as Eq. (2.4), which is the intercept of the slope line and the x-axis in the plot. 
   ( 2.4 ) 
 
Figure 2.11 Conceptual plot of cumulative permeation flux, defining lag-time and steady 
state regime for a single barrier layer. 
 
In the steady state regime, the flux can be rewritten from Eq. 2.2. depending on 
the gas of interest: water vapor transmission rate (WVTR), and oxygen transmission rate 
(OTR), which are measures of passage of water or oxygen through a barrier film, 
respectively. The derived WVTR is written in Eq (2.5). Figure 2.12 plots the 
requirements of WVTR and OTR for a number of applications along with reported 
barrier film performances. As seen Figure 2.12, widely accepted WVTR requirement for 
OLED device is less than 10-6 g/m2/day. Burrows et al. suggests this WVTR requirement 
by estimating the amount of water that reacts with a 50 nm thick Mg electron injection 
layer completely.[97] This estimation, again, emphasizes the importance of the stable low 
	L= l
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work function material on the cathode side as has been mentioned previously.  Thus, it 
may be possible to change the barrier film requirements for organic electronics by 
introducing more stable materials into the device architecture. 
  ( 2.5 ) 
 
Figure 2.12 Estimates of barrier film performance requirements for various applications, 
including organic electronics, along with the reported barrier performance. Adapted from 
references [58, 101-103]. 
 
Considering permeation theory, possible methods to reduce gas permeation 
through a barrier film are decreasing the diffusion coefficient or increase the barrier film 
thickness. However, the diffusion coefficient is the intrinsic property of the barrier film 
material. Even if inorganic films are, theoretically, almost impermeable due their small 























deposition process results in defects or pinholes in the deposited inorganic films. Then, 
the embedded defects can contributes to increasing diffusivity of inorganic film. 
Therefore, it demands to fabricate a uniform defect-free film with less porosity, and it 
claims a high-quality film deposition process such as ALD, rather than sputtering, 
evaporation, and CVD. 
As an alternative approach, Eq. (2.3) suggests that the lag-time can be increased 
by increasing the film thickness, delaying the start of the steady state permeation so that it 
postpones the maximum permeation rate condition. However, since the film thickness of 
thin film electronics is limited within the range of micrometers, it is problematic to 
increase the film thickness enough to achieve required length scale. Instead of this, state-
of-the-art barrier films employ a multilayer structure as shown in Figure 2.14. In a 
multilayer structure, impermeable inorganic layers are alternatively stacked with 
smoothing layers. The laminate structure reduces the growth of defects, and separates the 
defects in each layer by reinitiating the nucleation process of material deposition. 
Therefore, the permeant should go through a long tortuous pathway to pass through the 
multilayer barrier film as shown in Figure 2.13. Figure 2.14 (a) shows a cross section 
SEM image of an organic/inorganic multilayer barrier film. In this structure, the organic 
layer performs as a smoothing layer, which reduces the impact of surface topology and 
presence of large particles. Figure 2.14 (b) shows a cross section TEM image of 
inorganic/inorganic multilayer barrier film. In this alternating configuration suppresses 
the formation of crystal structures, and reduces the boundary defects related to the crystal 
structures.[104] In addition, similar to multilayer structures, mixed nanoparticle barrier 
films are also introduced, which simplify the film fabrication process.[105] 
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Figure 2.13 Tortuous pathway by multilayer structures. Adapted from reference [106]. 
 
(a)      (b)  
Figure 2.14 Cross-sectional image of multilayer barrier structures. (a) inorganic/organic 
multilayer, (b) inorganic/inorganic ALD multilayer. Adapated from reference (BarixTM, 
Vitex systems) and [104]. 
 
 
Figure 2.15 Nanoparticles in a barrier film. Adapted from reference [105]. 
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2.4.2.2 Issue of particles and cracks 
Even if an intrinsic barrier film property of a certain type of barrier film is 
expected to satisfy the WVTR requirement, there is another issue when the barrier is 
fabricated practically. For example, common polymeric substrate embeds small particles 
called anti blocking particles as shown in Figure 2.16. The purpose of the anti blocking 
particles is to prevent substrate adhesion between two substrates due to the van der Waals 
force. In addition, dust particles in a fabrication facility can lie down on substrates and 
affect the film deposition process. Figure 2.17 shows SEM images of defects of films 
due to presence of anti-block particles and dust particles. Moreover, the nature of 
conventional deposition process can bring about more numbers of defects in a deposited 




Figure 2.16 SEM images of Hostaphan RD 23 PET-film containing anti-block particles. 




Figure 2.17 SEM images of film defects caused by an antiblock particle and dust 
particles. Adapted from reference[107] 
 
Table 2.1 Measured defect sizes and defect densities for single-layer inorganic barrier 










0.6 11-1100 SiO2 PECVD PET 
0.6 5-1000 Si3N4 PECVD PET 
1.0 25-400 Al Evaporated PET 
1.0 100-300 Al Evaporated PET 
2-3 200 Al Sputtering PET 
0.5-1.4 600 AlOxNy Sputtering PET 
0.4 100-1000 Al Evaporated BOPP 
0.5 700 AlOxNy Sputtering PET 
 
 
In addition to particle-related defects, cracks can occur in a fabricated film. The 
reason of the crack formation is the mechanical stress during or after the film deposition 
process. For examples, the mismatch of the thermal expansion coefficient and elastic 
constants between the film and substrate materials result in bi-axial stress in the film after 
high-temperature deposition processes. Post deformation cracks can be generated if a 
barrier film undergoes mechanical stress such as bending and elongation. Figure 2.18 
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shows optical microscopic images of barrier films, where cracks were generated after 
bending tests. 
As a result, both pinhole defects and cracks lead to local failure of barrier film, 
and play an important role in gas permeation process. Therefore, the barrier film test 
should consider the contribution of intrinsic permeation and defect-related permeation, 
separately in order to understand the real permeation characteristic of barrier films. 




Figure 2.18 Crack formation of SiOx and Al2O3 barrier films after a bending test. 
Adapted from reference [103] 
 
2.4.2.3 WVTR of recent barrier films 
As previously mentioned, considerable effort has been made to fabricate high 
performance barrier films for organic electronics. Table 2.2 tabulates the WVTR values 
of number of barrier films deposited using a PECVD process. In addition, Table 2.3 
tabulates WVTR values of single and multilayer barrier films deposited using an ALD 
process. As seen in the table, however, direct comparison of reported WVTR values 
among the barrier films is difficult because the tests were carried out at different 
temperature and humidity conditions. Overall, many of the films are reported to attain 
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ultrabarrier performance, but determining which film is best cannot be done due to the 
differing test conditions for WVTR measurement. 












Graded layer Polycarbonate <100°C 




SiCx Multilayer PET 120°C 
2.5 × 10-7 
(23°C/40% RH) 
Chen et al. 
(2007)[110]  
SiCx Single layer PET 25°C-50°C 10-4 




Single layer OLED on glass <80°C - 
Mandlik et al. 
(2008)[112] 







OLED on glass; 
PET <130°C 3.5 × 10
-6 
Rosink et al. 
(2005)[114] 
 
Table 2.3 Summary of process and performance of ALD barrier films. Adapted from 
reference [57, 108]. 
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Moreover, since there is no standard measurement procedure to evaluate the ultra-
low permeation rates of high performance barrier films, there is a great challenge in the 
evaluation of gas permeation rate through the films. As mentioned previously, the target 
water vapor transmission rate (WVTR) for barrier films used in most organic electronic 
devices is 1×10-6 g/m2/day,[97] but the resolutions of many standard WVTR measurement 
techniques may be a few orders of magnitude higher or have safety issues.[46] 
Figure 2.19 demonstrates a number of WVTR measurement methods that are 
commonly used in the research:[46] the gravimetric cup test,[120] isostatic method,[121], 
isostatic methods with infrared sensor (Permatran, MOCON)[122] or with coulometric 
sensor (Aquatran, MOCON),[122] mass spectrometry,[123] radioactive tracing,[124, 125] 
residual gas analyzer,[126] or the calcium corrosion test with optical measurement[127] or 
electrical measurement.[45, 128]  Of these, only mass spectrometry, radioactive tracing, and 
calcium corrosion test can meet the WVTR resolution requirement of 1×10-6 g/m2/day.[46] 
Furthermore, mass spectrometry requires expensive equipment, and radioactive tracing 
method requires special facilities with radioactive materials. Thus, methods such as the 
calcium corrosion test with electrical or optical measurements are the most feasible to 
implement, but must be done in a specific manner to improve its sensitivity. 
In addition to the sensitivity of measurement, it is beneficial if the measurement 
technique provide spatial information of the permeation rate in a test barrier film because 
a barrier film can contain pinholes or cracks, which may contribute to the permeation rate 
regardless of the intrinsic barrier film property. If the information about the local 
permeation can be acquired, the reason of gas permeation can be determined, which helps 
to determine pathways to improve the barrier film fabrication. However, most of the 
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WVTR measurement methods can measure only a total or effective WVTR, and lack 
spatial data except an optical calcium corrosion test.  
Therefore, for a barrier film application on OPV devices, it is required not only to 
fabricate the high quality barrier film, but also to provide a precision measurement that 
can investigate high performance barrier films. 
 
 
Figure 2.19 Various methods for WVTR measurement: (a) gravimetric cup method, (b) 
electrical calcium corrosion test, (c) optical calcium corrosion test, (d) mass 
spectroscopy, (e) radioactive tracing method, and (f) coulometic sensor method. Adapted 





2.5 Atomic layer deposition 
As previously mentioned, the first requirement for the ESL using TiOx is to 
reduce the film thickness to lower the layer resistance.  The ultrathin film structure also 
benefits the mechanical reliability as well because the crack onset strain is inversely 
proportional to the thickness of film. Table 2.4 lists theoretical expression of crack onset 
strain with respect to film thickness, showing that the crack onset strain is inversely 
proportional to the film thickness. Figure 2.20 also presents experimental results of the 
crack onset strain of thin films depending on its film thickness. As seen in Figure 2.20, 
the crack onset strain increases rapidly when the film thickness is below 20 nm. To 
fabricate the films in this thickness range, ALD is a one of the most promising fabrication 
methods to control the film thickness less than 1 nm. 
 
Table 2.4 Theoretical expression for crack onset strain vs. coating thickness. Adapted 





Figure 2.20 crack onset strain of Al2O3 films depending on the film thickness. Adapted 
from reference [130]. 
 
In addition, for barrier film application, the films should be defect-free. With 
conventional deposition methods such as evaporation, sputtering, CVD, defects are 
unavoidable due to the nature of the film growth mechanism. Figure 2.21 shows the 
cross section TEM images of CVD and ALD films. As seen in the figure, the CVD film 
has grain features while the ALD film is smooth without any grainy feature. The grain 
features can play as defects for a films, and can leads to either local electrical leakages in 
an electrical application or local gas permeation pinholes in a barrier application. Due to 
the nature of ALD process, the nucleation and formation of film process is highly 




Figure 2.21 Cross section TEM images of CVD and ALD films. CVD film shows the 
grainy feature while the ALD film is uniform. Adapted from reference (Lin Wang, 
Dupont 2010) 
 
2.5.1 Principle of atomic layer deposition 
Atomic layer deposition (ALD) is a film fabrication method that utilizes the 
precursor properties of self-assembled monolayer formation as shown in Figure 2.22. 
Because of the nature of ALD deposition process, the film thickness is controllable down 
to sub-nanoscale (ca. 0.1 nm), and the film is extremely conformal without pinhole 
defects.[37] Due to this fact, among various thin film fabrication techniques such as 
chemical vapor deposition (CVD), thermal or e-beam evaporation, sputtering, and etc., 
ALD is considered to be a good candidate for fabricating a defect-free uniform film.[47, 60, 
131-133]  Previously, ALD was not regarded to be compatible with organic electronic 
devices because it requires high temperature process condition. The low growth rate of 
the ALD process, which is in the order of 0.1 nm/cycle, was also an issue for ALD films 
to be applied to mass-production.  However, recently, the development of new ALD 
systems such as plasma-enhanced ALD, spatial ALD, and atmospheric ALD have 
widened the application space for ALD films to many other applications including 
organic electronic devices with processing rates as high as 1 nm/s.[134] Also, with the 
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development of new precursors, various materials can be deposited through ALD 
including metal oxides, metal nitrides, metals, and even organic materials through 
molecular layer deposition (MLD).[135] Furthermore, by alternating ALD precursors 
during each cycle, ALD can produce a composite material or a nanolaminate film, which 
tunes the material properties. Therefore, ALD films possess great potential to implement 
into organic electronic devices with various applications, particularly for barrier film 
applications because the ALD film has the potential to be conformal without defects. 
 
Figure 2.22 Schematic representation of ALD using self-limiting surface chemistry and 
an A-B binary reaction sequence. Adapted from reference [136]. 
 
 In general, the ALD process is a two-step process as explained previously. For 
example, the most common ALD process is aluminum oxide (Al2O3) deposition using 
trimethylaluminum (TMA, Al(CH3)3) and water vapor (H2O) precursors. The surface 
chemistry of Al2O3 ALD process can be described as, [37, 136] 
 AlOH* + Al(CH3)3  AlOAl(CH3)2* + CH4 ( 2.6 )  
 AlCH3* + H2O  AlOH* + CH4  ( 2.7 ) 
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In the first precursor pulsing step, TMA precursors react only with hydroxyl 
group on a substrate and form solid AlOAl(CH3)2 and methane(CH4) by-product (Eq. 
(2.6)). Then, the chamber is purged with noble gas such as argon, which removes 
excessive TMA and methane. In the second precursor pulsing step, H2O precursors react 
with AlCH3 and form solid AlOH and methane by-product (Eq. (2.7)). The followed 
purging step removes the excessive water vapor and methane, and the ALD step repeated 
from the first TMA pulsing. 
In order to achieve the ALD process, however, several conditions must be met. 
Not only the self-limiting property of a precursor, but also the condensation and 
desorption processes are important. The condensation and desorption processes should 
allow the precursor to form a monolayer. Since the condensation and desorption rate is 
affected by the temperature, there is an available temperature range called the ALD 
window. Figure 2.23 plots the behavior of the ALD growth with respect to temperature. 
The ALD window is generally a chemical property of a precursor, thus much research is 






Figure 2.23 Schematic of possible behavior for the ALD growth per cycle versus 
temperature showing the ALD window. Adapted from reference [38]. 
 
2.5.1.1 Thermal and plasma enhanced ALD 
In order to complete the ALD reaction, the temperature must be within the ALD 
temperature window that is determined by a given precursor. Therefore, certain 
precursors may not be compatible with polymeric substrates or organic semiconductors 
due to the need of high process temperatures or thermal energy. In order to overcome the 
temperature limitation, plasma-enhance ALD (PEALD) has been suggested.  Different 
from the conventional thermal ALD, PEALD utilizes a plasma to create the second 
precursor, which provides sufficient reaction energy even at low temperature.[137]   
Moreover, by eliminating water as the oxidizer at low temperatures, it is easier to remove 
excess oxygen from the vacuum chamber than water vapor which typically sticks to the 
walls of the vacuum system.  Thus, ALD reactions and growth even at room temperature 
are possible with PEALD.  Figure 2.24 illustrates the schematic representation of thermal 
ALD and PEALD. The first cycle is the same in both process, but in the second cycle, the 
reactant is plasma in PEALD process. Depending on the chamber configuration of the 
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plasma system, various PEALD systems were introduced as shown in Figure 2.25.[137] 
Among them, remote plasma systems (Figure 2.25 (a) and (c)) are commonly used for 
commercial PEALD system that reduces the direct effect of plasma on substrates. 
In addition to reduced process temperature, PEALD films show improved 
material properties with increased growth rate. Also, PEALD can control film 
stoichiometry and composition, and increases choice of precursors and materials [137, 138] 
Figure 2.26 compares the purging time of thermal ALD and PEALD process, which 
indicates that the process time of PEALD is faster than that of thermal ALD at low 
temperature condition. Therefore, it is more appropriate to use PEALD films than thermal 








Figure 2.25 Schematic of various PEALD systems. Adapted from reference [137]. 
 
 






This chapter introduced the operating principle of OPV devices. The chapter also 
addressed their reliability issues and efforts to resolve the reliability issues. Finally, ALD 
films were introduced for the application of organic electronic devices to improve the 
device reliability. 
Even if the ALD film is a strong candidate to be used with the organic thin film 
electronics, the research of ultrathin ALD films for device reliability is still sparse. 
Moreover, important questions are still remain concerning the utilization of ALD films 
for the application of organic electronics regarding:  (1) whether ultrathin ALD films are 
chemically stable in the range of the film thicknesses intended for OPV use (< 10 nm), 
(2) whether ALD films have proper electrical and chemical properties to perform as an 
ESL for a OPV to replace the instable ZnO layer, and (3) whether ALD films provide 
sufficient gas barrier properties for the use of external encapsulation barrier film of a 
device.  
In addition, there is no standard characterization to test the environmental stability 
of ultrathin films. Also, further improvement is required to measure the barrier 
performance down to the required level. (WVTR < 10-6 g/m2/day). Therefore, this 
dissertation research will address these questions as well as introduce appropriate 





CHAPTER 3  
CHEMICAL STABILITY OF ALD METAL OXIDES 
 
3.1 Introduction 
A key goal of this chapter is to determine the environmental stability of ALD 
films for use as electrode modifiers for electron selective contacts and as barrier films in 
the packaging of organic and sensitive electronics.  
The environmental stability of a material is tested by observing any 
physical/chemical change or change in critical properties after exposing the material to 
various environmental conditions. There are standard methods to evaluate the 
environmental stability of materials such as salt spray test (DIN 50021 SS), Kesternich 
test (DIN 50018 KFW 0,2S), climate test (DIN 58390-12-120), dilution resistance 
(alcohols and ketones) and tarnishing test. Figure 3.1 presents one example of 
accelerated thioacetamide (C2H5NS） tarnishing test (ISO 4538) showing the color 
changes of uncoated and coated silver coins in the exposure to thioacetamide.[139] 
Abdulagatov et al. presented a study on the water resistance of ALD films by observing 
ALD coated copper surface with a microscope.[133] However, these tests are difficult to 
acquired quantitative information of material stability. On the other hand, chemical 
composition analysis techniques, such as X-ray photoelectron spectroscopy (XPS) and 
time of flight secondary ion mass spectroscopy (TOF-SIMS), can investigate the 
chemical composition changes due the reaction with environmental exposures such as 
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oxygen, water, but they are destructive analysis methods. Thus, continuous measurement 
with an identical sample is difficult with XPS or TOF-SIMS.  
 
Figure 3.1 Accelerated thioacetamide tarnishing test of ALD coatings on silver coins 
(ISO 4538). The color of the coin without an ALD coating changes over time due to the 
thioacetamide exposure. Adapted from reference [139]. 
 
Therefore, this chapter suggests a new analysis procedure to evaluate the 
environmental stability of ALD layers. Similar to the calcium corrosion method, as a 
trace layer is prepared and coated with ALD films of interest. An optical measurement 
technique is used to detect the trace layer noninvasively and nondestructively after 
exposing the ALD coated trace samples to environmental conditions such as deionized 
(DI) water. For the trace sensor material, ZnO is chosen because it is known to be 
unstable in water.  ZnO films have been found to contain numerous hydroxyl groups 
(OH-) and hydrogen interstitial defects,[140, 141] and which hydroxyl groups can initiate 
chemical reaction with water.  
In order to observe ZnO optically, photoluminescence emission of ZnO can be 
used.  Photoluminescence (PL) spectroscopy is a characterization technique to determine 
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the bandgap of a semiconducting material.  While illuminating a semiconductor with a 
light source whose photons have an energy that exceeds the bandgap, photoemission can 
be observed in some semiconductor materials with energy equal to the bandgap energy as 
well as energy of defect states within the bandgap. Thus, ZnO, a direct bandgap 
semiconductor with a band gap of 3.4 eV, emits PL light when it is excited with photons 
that have an energy greater than the bandgap such as 325 nm UV light source as used in 
this work.  
This chapter investigates the environmental stability of ultrathin ALD films 
exposed to a water environment using the ZnO PL emission technique as a sensor to 
determine degradation in the ALD films coated on top of the ZnO. The water 
environment is chosen for studying corrosion since the stability of the ALD films as 
barrier layers and as electrode modifiers in the presence of water that can be experienced 
by an OPV is of prime importance. Since the major cause of the OPV degradation is 
moisture permeation, and the permeate moisture can condense on the inner porous 
surfaces of the ALD films during water permeation. While it is understood that water 
soaking is not the exact same as what ALD films will see in practice, the use of water 
soaking in terms of studying corrosion and stability will provide a harsh environment test 
for the ALD films.  It is expected that if the films can survive the water soaking test, they 
will also show stability in humid environments.  The ZnO PL test is still an indirect 
method to investigate the stability of capping layers by means of ZnO trace layer. 
Therefore, additional film characterization methods are used to explain the results of 
ALD film stability 
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3.2 Experimental  
3.2.1 Sample fabrication using PEALD 
To create samples for stability testing, ALD films were fabricated on silicon (Si) 
substrates using a commercial PEALD system (Fiji, Cambridge Nanotech) as shown in 
Figure 3.2. First, a 11 nm thick ZnO sensor layer was deposited on solvent cleaned Si 
substrates at 250°C. A polished Si wafer was cut into 2.5 cm by 2.5 cm square pieces, 
and cleaned in acetone with sonication for 10 min, followed by cleaning in IPA with 
sonication for 10 min. Then, the Si pieces were rinsed in flowing DI water and were dried 
with a gentle N2 flow from a nitrogen gun. The Si pieces were then transferred into the 
PEALD processing chamber. Before the deposition process, the substrates were kept in 
the processing chamber under vacuum for 15 min to achieve temperature equilibrium 
between the substrate and the chamber at 250°C. Afterward, 3 cycles of Al2O3 PEALD 
films were deposited as a nucleation layer, which improves the nucleation of the ZnO 
layer when compared to the growth on a native SiO2 surface. Trimethylaluminum (TMA) 
was used as the Al precursor using 40 sccm Ar as the carrier gas with pulses lasting 0.06 
s followed by 5 s of purging with Ar followed by a remote oxygen plasma generated by 
flowing 20 sccm of oxygen in a 200 sccm Ar flow and applying an RF electric field of 
300 W upon its entrance for 20 s. Next, ZnO sensor layer was deposited in the same 
manner using diethylzinc (DEZ) as a Zn precursor. After a 0.06 s pulse of DEZ, the 
chamber was purged for 5 s, and a remote oxygen plasma was applied with 20 sccm of 
oxygen in a 200 sccm Ar flow for 30 s, followed by 5 s of purging. The process was 
repeated for 100 cycles, which produced an 11 nm thick ZnO layer. The thickness of the 
film was measured using a spectroscopic ellipsometer (M-2000, J.A. Woollam Co.) 
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(a)   (b)  
Figure 3.2 The dual chamber Fiji PEALD system. The right chamber is used for running 
the PEALD ZnO deposition, and a purple glow is observed due to Ar/O2 plasma in the 
window port of the system during the oxidation step. 
 
After ZnO deposition, metal oxide ALD films of interest were deposited on the 
ZnO sensor layers at two temperature conditions, 100°C and 250°C. Al2O3, TiOx, ZrOx, 
and HfOx were selected due to their potential for high quality barrier films. Also, TiOx is 
of interest for the application of ESL to replace ZnO ESL in inverted OPV devices. The 
deposited ZnO sensors samples were taken out to atmosphere with Ar purging, and then 
loaded again to deposit interest ALD capping layers in a similar manner using different 
precursors of the metal organic. TMA, tetrakis(dimethylamido) titanium (TDMAT), 
tetrakis(dimethylamido) hafnium (TDMAH), tetrakis(dimethylamido) zirconium 
(TDMAZ) were used for Al2O3, TiOx, HfOx and ZrOx deposition, respectively, as shown 
in Figure 3.3. The ALD run was repeated by 100 cycles to produce ca. 10 nm thick 
capping layers for Al2O3 HfOx, ZrOx, and For TiOx, 100 cycle and 200 cycles of ALD 
process was done to produce ca. 5 nm, and 10 nm thick film. All precursors were 
purchased from Sigma-Aldrich as packaged jacket for use of deposition systems. Figure 
3.4 depicts the structure of ZnO PL sensor samples with protecting ALD films, and Table 
3.1 tabulates the detail parameters of ALD process and parameters for each material 
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deposition.  Also, at the 100°C processing temperature, the purging time increased for the 
adsorption and desorption processes of each precursors to be completed (Table 3.2). 
  
 
Figure 3.3 Chemical structure of metal precursors used for ALD process. (a) TMA, (b) 
DEZ, (c) TDMAT, (d) TDMAZ, and (e) TDMAH. 
 
 
Figure 3.4 Schematic diagrams of tested ALD films in this PL study. From the left, an 
uncapped ZnO sensor sample, an Al2O3-coated ZnO sample, a TiOx coated sample, a 
ZrOx-coated sample, and a HfOx coated sample. 
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Table 3.1 Parameters for metal oxide deposition at 250°C using PEALD. 
 ZnO Al2O3 TiOx HfOx ZrOx 
Metal precursor DEZ TMA TDMAT TDMAH TDMAZ 
Ar flow rate for precursor 
delivery (sccm) 
40 40 40 40 40 
Ar flow rate for plasma 
source (sccm) 
200 200 200 200 200 
Pulsing time (s) 0.06 0.06 0.2 0.06 0.06 
1st Purging time (s) 5 5 5 5 5 
Oxygen flow rate (sccm) 20 20 30 20 20 
Plasma time (s) 30 20 20 20 20 
2nd Purging time (s) 5 5 5 5 5 
 
Table 3.2 Parameters for metal oxide deposition at 100°C using PEALD. 
 ZnO Al2O3 TiOx 
Metal precursor DEZ TMA TDMAT 
Ar flow rate for 
precursor delivery (sccm) 
40 40 40 
Ar flow rate for plasma 
source (sccm) 
200 200 200 
Pulsing time (s) 0.06 0.06 0.2 
1st Purging time (s) 60 45 90 
Oxygen flow rate (sccm) 20 20 30 
Plasma time (s) 30 20 20 
2nd Purging time (s) 10 10 10 
 
3.2.2 Photoluminescence 
Photoluminescence (PL) spectroscopy is one of the photoemission spectroscopic 
(PES) techniques which can investigate the electronic structure by observing light 
emission from semiconductor materials. When intense high energy light such with photon 
energy greater than the bandgap is illuminated on the surface of a semiconductor, a 
ground state electron is excited to the conduction band and relaxes back to the ground 
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state by a radiative transition processes (Figure 3.5). From the energy of the radiation 
light, the bandgap of a direct semiconductor, such as ZnO, can be investigated.  
 
Figure 3.5 Energy diagram showing absorption of light and the processes involved in the 
emission of light as fluorescence and phosphorescence. Adapted from reference [142].  
 
In this dissertation, PL emission spectra of the ZnO layer were obtained using a 
Horiba Jobin Yvon LabRAM HR800 Raman Spectrometer equipped with a backside-
illuminated liquid nitrogen cooled charged-coupled device (CCD) detector (Symphony, 
Horiba) (Figure 3.6). A 325 nm (3.81 eV) Helium-Cadmium (He-Cd) laser was used as 
the excitation source with an incident laser power of 3.2 mW on a spot size of 
approximately 3 µm. A 40x UV achromatic objective (LMU-40x, Optics for Research) 
was used to acquire ZnO near band edge (NBE) PL emission that lies in UV region (340 
nm-400 nm).  
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The intensity of the PL emission measured in this experiment is dependent on the 
power of excitation source, radiative recombination rate of a material, sensitivity of the 
photodetector, and the efficiency of the collection optics. To quantify the PL emission 
spectra of samples, the UV laser source was turned on 1 hour before the measurement. 
The spectrometer position was calibrated using a 4H silicon carbide (SiC) sample from 
Cree with its Raman shift peak at 776 cm-1.  The measured PL intensity was affected by 
the fluctuation of the laser source intensity and alignment changes of optical mirrors in 
the spectrometer, thus a control sample was prepared to track and compensate for the 
fluctuations after alignment and calibrations were performed. For the control sample, a 
TiOx coated ZnO sample was prepared and stored in a nitrogen-filled glove box (MB10, 
MBraun) at the conditions of both water and oxygen levels below 0.5 ppm. 
In addition, the PL intensity is highly dependent on how well the sample is in 
focus, particularly of a thin ZnO film ( < 10 nm). Therefore, the Z-stage mapping was 
carried out to find the stage position for the maximum intensity. After all, PL spectra 
were scanned over the range of 340 nm to 450 nm with a D0.3 attenuator filter and 3 s 
acquisition time. Each scan was repeated 3 times to acquire single average spectrum, and 
3 spots were measured for each sample. 
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(a)     (b)  
Figure 3.6 The LabRAM HR800 Raman system for PL measurment. (a) whole system, 
(b) a sample under a microscope objective during testing. 
 
3.2.3 Water soaking test 
After the initial PL emission measurement, the samples were soaked in 15 ml 
deionized (DI) water in beaker at room temperature to determine the stability of the 
various ALD layers to aqueous media as shown in Figure 3.7. The DI water acidity was 
pH 7 (measured with Model 2100 pH meter, VWR). After water soaking, the samples 
were taken out from the water and dried out with a mild N2 air gun.  PL spectra of the 
samples were repeated and the samples were placed back into the water. The PL 
measurements were carried out at 0, 1, 3, 5, 7, and 10 days. For each day, the PL 




Figure 3.7 Experimental procedures of water stability testing using photoluminescence 
spectroscopy. PL emission spectra of samples acquired periodically after water soaking at 
room temperature condition 
 
3.2.4 Spectroscopic ellipsometry 
For additional characterization, spectroscopic ellipsometry (SE) was used. SE is a 
primary characterization tool to investigate the thicknesses and the optical refractive 
indices of ALD films. Figure 3.8 illustrates the schematic of light pathways in an 
ellipsometer. The focus of ellipsometry is to measure how parallel (p-) and perpendicular 
(s-) polarization components change upon reflection or transmission in relation to each 
other based on interactions with the sample. In this manner, a known polarization is 
reflected or transmitted from the sample and the output polarization is measured. The 
change in polarization is the ellipsometry measurement, commonly written as, 
   ( 3.1 ) 	polarization	change	=tan(Ψ)e
i∆
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The incident light is linear with both p- and s- components. The reflected light has 
undergone amplitude and phase changes for both p- and s- polarized light, and 
ellipsometry measures their changes. 
(a)   
(b)  
Figure 3.8 (a) Typical ellipsometry configuration, where linearly polarized light is 
reflected from the sample surface and the polarization change is measured to determine 
the sample response. (www.jawoollam.com) (b) Photograph of M-2000 variable angle SE 
system.  
 
In order to evaluate the optical properties, the measured data must be fitted with 
an optical model such as Cauchy’s equation,[143] which is the one of the most common 
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empirical models for a transparent material. The general form of the refractive index with 
respect to wavelength is, 
  ( 3.2 ) 
where n is the refractive index, and C0, C1, and C2 are coefficients that need to be fitted 
from the experimental data. From this model, the refractive index and film thickness can 
be estimated.  
In this dissertation, the film thickness and refractive index were evaluated using 
variable angle spectroscopic ellipsometry (M-2000, J.A. Woollam Co.) at four incidence 
angles:  60°, 65°, 70°, and 75°. The fitting variables, C0, C1, C2, and the film thickness, of 
a Cauchy model layer were fitted with the measured SE date to estimate the refractive 
index and film thickness using the CompleteEASE software.   
 
3.2.5 X-ray photoelectron spectroscopy 
In order to explore chemical compositions of the ALD films, X-ray photoelectron 
spectroscopy (XPS) was used. The sample was placed in a high vacuum environment and 
irradiated with a focused beam of X-rays allowing photoelectrons to be emitted from the 
surface, as shown in Figure 3.9 (a).  The emitted electrons are collected by the electron 
analyzer and the kinetic energy of the emitted photoelectrons was determined by a 
spectrometer, which finally presents intensity vs. binding energy data. The binding 
energy (Eb) of individual electrons that exist on the surface is determined using Eq. (3.3) 
with known information such as the energy of X- ray photons (hν), the kinetic energy of 













   ( 3.3 ) 
 
 
Figure 3.9 (a) Schematic showing the processes that occur during XPS where xray 
energy ejects a core electron which is picked up by a detector and (b) a Thermo K-Alpha 
X-ray photoelectron spectroscope similar to the one used in this study 
(www.thermoScientific.com). 
 
In this dissertation, a Thermo K-alpha XPS system (Thermo Scientific) was used 
for the elemental analysis of ALD films in a depth-profiling mode. Al K-alpha X-ray 
(1486.3 eV) was used as an excitation source, and the diameter of X-ray gun was set at 
400 µm to define the sampling area. Also, a flood gun was used to compensate the 
binding energy shift due to charge condensation. For the depth profiling, a sputter gun 
was used at 2000 eV ion energy and mid-range current (ca. 3.8 µA). The sputtering 
process was carried out for 30 s for each step between the XPS analysis steps. At this 
sputtering conditions, the etch rate of Al2O3 layer is expected to be 0.081 nm/s, which 








The acquired data were analyzed using a commercial analysis software (Avantage 
Data System, Thermo Scientific). The primary core level elemental peaks were fitted to 
Lorrentz-Gaussian peaks. Since the spectra can be shifted due to argon bombardment 
during the sputtering, the spectra were calibrated so that the peaks are consistent to the 
spectra of the first scanning step. 
 
3.2.6 Scanning electron microscopy 
Scanning electron microscopy (SEM) images were taken using Ultra60 FE-SEM 
(Zeiss) to investigate the surface morphology and the conformality of the films. Both a 
secondary electron image and backscattered electron image were used for imaging. In 
general, topography differences are more clearly visualized by the secondary electrons 
while backscattered electrons provide better material contrast.  
In order to acquire a high resolution image, 10 keV acceleration voltage at short 
working distance (ca. 4 mm) was used. Also, both the secondary electron image and back 
scattered image were combined for better contrast accordingly. For a cross sectional 
image, the sample was broken and mounted on a sample holder with the broken edge 
facing to the detector. 
 
3.3 Stability of ultrathin ALD films 
3.3.1 PL Emission of ZnO 
Figure 3.10 shows the photoluminescence spectra performed on the baseline ZnO 
sensor before and after soaking in DI water for 24 hours at room temperature conditions. 
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The as-deposited ZnO peak shows near band edge (NBE) UV emission at around 340 nm 
and defect related deep level emission (DLE) between 450 eV to 650 eV attributed to Zn 
and O vacancies produced in the diethyl zinc precursor based PEALD ZnO films.[144]  
Following soaking in DI water for 24 hours, the ZnO layer was observed to have 
completely disintegrated in the DI water with no observable PL signal detected despite 
scanning at multiple locations. This result is compatible with that observed by Yamabi et 
al. [145] where they observed that solid state ZnO is unstable in water with pH ca. 7. The 
result also suggests that ALD ZnO can be used as a tracer sensor in this water soaking 
test to investigate the stability of other ALD films to water environment. 
 
Figure 3.10 The PL emission from ALD. PL emission of ALD ZnO layer on a Si 
substrate showed a primary peak near 350 nm and defect band between 450 and 650 nm.  







3.3.2 ZnO PL emission with ALD capping layers 
The PL emission spectra of all samples were measured at 0, 1, 3, 5, 7, and 10 
days.   Figure 3.11 shows the integrated area of the PL emission spectra of the prepared 
control sample over this period of time. As seen in the figure, the intensity fluctuates over 
this period and thus, the variation must be accounted for when measuring the actual 
devices exposed to water soaking. To do this, the intensity of the samples was divided by 
the intensity of the control sample on a given day to normalize the response and to 
compensate for the fluctuation of the measurement system. 
 
Figure 3.11 Integrated area of PL emission spectra of the control sample, N2-stored TiOx 
coated ZnO. 
 
Figure 3.12 plots the PL spectra of ALD coated ZnO films that are deposited at 
250°C, and Figure 3.13 plotted in the PL spectra of ALD coated ZnO films that are 
deposited at 100°C.The peak intensity was compensated by dividing the intensity of the 


































control samples. In the preliminary test, the PL emission of 10 nm ZnO without 
protection was not observed after 18 hours in water soaking. However, with the 10 nm 
thick capping ALD layer, the PL spectrum was observed for 10 days during water 
soaking experiments except for two cases. As seen in Figure 3.12 (c) and Figure 3.13 
(a), the PL spectra of Al2O3 coated ZnO samples decreased after 5 days and was not 
observed for the full 10 days, whereas the PL spectra of TiOx, ZrOx, and HfOx coated 
ZnO samples survived up to 10 days. The results suggest that 10 nm thick Al2O3 is 
hydrolytically unstable for long exposure to water which has been observed previously in 
barrier film experiments.[119] 
Figure 3.14 plots the normalized peak area of a ZnO NBE emission peak over 
time. There is some fluctuation in the peak area over time, but the graph suggests that 
TiOx, ZrOx, and HfOx coated ZnO samples are stable for 10 days.  However, Al2O3 
coated ZnO and unprotected ZnO is unstable in DI water for both deposition 
temperatures: 100°C and 250°C. 
The PL tests can be used to determine whether or not an ALD films is susceptible 
to corrosion in water, but it is not quantitative in nature. Overall, the reason or the 
kinetics of the ZnO removal process is unclear. For example, it is unclear whether ZnO is 
dissolved in water or is converted into some other compound. Also, it is also unclear 
whether the protecting Al2O3 film is also removed completely or not. Therefore, further 
investigation is necessary to understand the degradation behavior of ZnO and Al2O3 
films. 
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 (a)  
(b)  
Figure 3.12 PL emission spectra of ALD film protected ZnO sensor samples. (a) 5 nm 
TiOx, (b) 11 nm TiOx, (c) 10 nm Al2O3, (d) 10 nm HfOx, and (e) 10 nm ZrOx capping 
























































 (d)  
Figure 3.12 (continued) PL emission spectra of ALD film protected ZnO sensor samples. 
(a) 5 nm TiOx, (b) 11 nm TiOx, (c) 10 nm Al2O3, (d) 10 nm HfOx, and (e) 10 nm ZrOx 




























































Figure 3.12 (continued) PL emission spectra of ALD film protected ZnO sensor samples. 
(a) 5 nm TiOx, (b) 11 nm TiOx, (c) 10 nm Al2O3, (d) 10 nm HfOx, and (e) 10 nm ZrOx 































Figure 3.13 PL emission spectra of ALD film protected ZnO sensor samples. (a) 10 nm 



























































Figure 3.14 Normalized peak intensity of ZnO PL emission after water soaking. (a) ALD 
films that are deposited at 250°C and (b) ALD films that are deposited at 100°C.  
 
3.3.3 Spectroscopic ellipsometry 
In order to support PL test results, SE data were measured for each sample before 
and after water soaking. Figure 3.15 plots the SE data of representative ALD films: (a) 
ZnO, (b) Al2O3-coated ZnO, and (c) TiOx-coated ZnO. The refractive index (n) and the 
film thickness of 100 cycle ZnO layer is estimated to be 1.95 and 11 nm, respectively. 
After one day of water soaking, the SE data becomes almost identical to a bare silicon 
substrate (Figure 3.15 (a)), and no film is expected on the samples. In other words, the 
























 ZnO/ 10 nm Al2O3
 ZnO/ 5 nm TiOx
 ZnO/ 10 nm HfOx
 ZnO/ 10 nm ZrOx
 ZnO/ 11 nm TiOx
ZnO
ZnO/ 10 nm A2O3
ZnO/ 5 nm TiOx
ZnO/ 1  nm TiOx
ZnO/ 10 nm ZrOx
ZnO/ 10 nm HfOx























 ZnO/ 12 nm Al2O3
 ZnO/ 6 nm TiOx
 10 nm A2O3
Zn  5 nm TiOx
 73
ZnO sensor layer dissolved in water. On the other hand, for the Al2O3-coated ZnO 
samples, the refractive index and the thickness of Al2O3 was estimated to 1.76 and 10 nm, 
respectively, initially. After 10 days water soaking, the SE data suggest that an unknown 
film still remained on the Si substrate. The SE data cannot be fitted with the Cauchy 
model for Al2O3 or ZnO showing a dramatic change in the film has occurred. The 
estimated total film thickness is slightly thicker than the initial total film thickness, but 
the refractive index is lower than Al2O3, which may indicates removal of underlying ZnO 
trace layer and/or partial degradation of Al2O3 capping layer. Finally, in the TiOx coated 
ZnO sample, the change of the SE data after water soaking was negligible, and indicates 
that the film is stable in water for 10 days. The results of ZrOx-coated ZnO and HfOx-
coated ZnO are also identical as expected from the results of the PL test. 
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 (a)   
(b)  
(c)  
Figure 3.15 Ellipsometry data of ZnO and ALD protection layer before (solid lines) and 
after water soaking (dashed line). The light incident angle is 75°. (a) 10 nm thick ZnO 
layer was not measurable after 19 h water soaking. (b) Optical density and/or thickness 
changed in Al2O3 coated ZnO sample. (c) TiOx coated ZnO shows almost no change in 
the ellipsometry data. 
 
 
Solid line : 0 h
Dashed line: 19 h
ZnO
Solid line : 0 d
Dashed line:  10 d
Al2O3
Solid line : 0 d
Dashed line: 10 d
TiOx
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3.4 Investigation of degradation behavior 
The optical characterization methods in the previous section provided only 
indirect evidence to determine the existence and degradation of the ALD films. 
Therefore, the results are not clear how the degradation progressed in an Al2O3-coated 
ZnO samples. Therefore, this section performs direct characterization techniques such as 
XPS and SEM.  
3.4.1 XPS depth profiling 
Al2O3 samples showed instability in water, elemental composition and binding 
energy of the elements in Al2O3 were analyzed using XPS before and after water soaking. 
Figure 3.16 plots the electron binding energy distributions of (a) Al 2p level and (b) O 1s 
level. Figure 3.16 (a) indicates that no binding energy change was observed in the Al 
element, suggesting the remained Al2O3 stays without chemical change. In O 1s spectra 
(Figure 3.16 (b)), the portion of hydroxyl group peak at 532.8 eV increases after water 
soaking due to surface contaminations. However, the O 1s peaks of fresh and water 




Figure 3.16 XPS results of Al2O3 samples before and after 10 day water soaking. (a) Al 
2p spectrum showed no binding energy change, suggesting no chemical state change in 
Al2O3. (b) O 1s peak has more hydroxyl (OH-) groups after 10 day water soaking due to 
surface.  
 
For the elemental compositions of entire film thickness, XPS depth profiling was 































































3.17 plots the atomic ratio of Al2O3 films and Al2O3-coated ZnO films on silicon. Figure 
3.17 (a) is the initial Al2O3 films. Considering the alumina film thickness is 10 nm and 
the XPS surface sensitivity is also around 10 nm, the results indicates alumina forms a 
uniform film and has a clear boundary between the alumina film and silicon substrate. 
However, after 5 days in water (Figure 3.17 (b)), the film became slightly thinner, and 
the boundary become vague. In addition, Si was observed from the first scan (etch time). 
Since single crystal Si is stable at room temperature, these results suggest that alumina 
may be partially removed during water soaking which is in agreement with other studies 
that have shown that ALD alumina films can be unstable in the presence of water. 
In case of the Al2O3 coated ZnO sample, two distinct films, Al2O3 and ZnO, are 
clearly observed initially (Figure 3.17 (c)). However, after 10 days, Zn was not detected 
at all, only aluminum and oxygen are detected through the entire film on silicon. 
Furthermore, the boundary becomes undefined again. These results indicate that alumina 
still exists on the silicon substrate, but could not provide enough protection to prevent the 
dissolution of ZnO in water. Also, the reason for failure may be due to the local or 
partially degradation of the Al2O3 film. The results also coincide to the result of the PL 
test and the SE data. 
On the other hands, TiOx coated ZnO sample showed no elemental composition 
changes after 10 day water soaking. Figure 3.18 plots the atomic percentage of TiOx 
coated ZnO samples (a) before and (b) after water soaking. As proved in PL emission 
test, ZnO sensor layers were preserved by TiOx coating, and the depth profiling results 




Figure 3.17 XPS depth profiling of ALD films, atomic percentage vs. etching time. X=0 
corresponds to the surface of samples, and as the etch time increase the percentage 
represents the composition of the sample in the lower location from the surface. (a) Fresh 
10 nm Al2O3, (b) Al2O3 after water soaking, (c) fresh Al2O3 coated ZnO, and (d) Al2O3 
















































Figure 3.17 (continued) XPS depth profiling of ALD films, atomic percentage vs. 
etching time. X=0 corresponds to the surface of samples, and as the etch time increase the 
percentage represents the composition of the sample in the lower location from the 
surface. (a) Fresh 10 nm Al2O3, (b) Al2O3 after water soaking, (c) fresh Al2O3 coated 


















































Figure 3.18 XPS depth profiling of ALD films, atomic percentage vs. etching time. X=0 
corresponds to the surface of samples, and as the etch time increase the percentage 
represents the composition of the sample in the lower location from the surface. (a) Fresh 

















































Finally, SEM images were taken to support the previous results and explanation. 
The samples were broken into pieces along with Si crystal direction to make clear cross 
sectional faces. High resolution FE-SEM (Ultra 60, Zeiss) with back scattered electron 
and secondary electron detectors was used to capture images at 10 kV acceleration 
voltage. 
Figure 3.19 (a1), (a2), and (a3) shows the top view, the inclined view, and the 
side view SEM images of fresh Al2O3-coated ZnO films on Si substrate, respectively. 
The top surface is extremely uniform, and the contrast of the film cross-section is fairly 
uniform except several highlights due to morphology of the breakage. After 10 days in 
water, however, the top surface has numerous black spots (Figure 3.19 (b1)), and the 
contrast of the film’s cross-section is stronger (dark black areas was observed.). The tilted 
image view (Figure 3.19 (b2)) clearly shows the roughened surface of the water soaked 
sample. In conclusion, ZnO can easily dissolve in water. Al2O3 is also unstable, but 
partially degrades in water.  
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Figure 3.19 SEM images of ZnO/Al2O3 samples before water soaking (a1, a2, a3) and 
after water soaking for 10 days (b1, b2, b3). (a1, b1) are the top views, (a2, b2) are the 
tilted views, and (a3, b3) are the cross sectional side views. The Al2O3 surface was 





This chapter investigated hydrolytic stability of thin ALD films, and introduced ZnO 
sensing technique to evaluate the protection performance of the ALD films.  The first 
achievement is that a non-invasive atmosphere characterization technique was newly 
introduced to test the stability of thin ALD films when exposed to water. Using the ZnO 
PL tracing test, more ALD films at various harsh conditions also can be tested in the 
future.   
Second achievement in this chapter is that hydrolytic stability of ultrathin (10 nm) 
ALD films was identified. ZnO is widely used semiconducting material, particularly in 
inverted OSC devices. However, the thin ALD ZnO layers have been shown to be 
unstable both in the PL studies as well as in actual solar cell testing. Al2O3 is one of the 
most popular materials for a dielectric layer in an electronic device as well as a barrier 
film application. However, the results indicate that a thin ALD film is not stable enough 
to sustain its properties in water for a long time as also seen in high temperature 
accelerated barrier testing by research groups.  Thus, while the PL test method is not 
quantitative, its quick screening method does show the ability to detect two oxides that 
have been known to show hydrolytic instability. On the hand, the method does suggest 
that other oxides such as TiOx, ZrOx, and HfOx are stable enough to protect ZnO sensor at 
least 10 days in water conditions which suggests that they may serve as replacements for 
ZnO an Al2O3 in solar cell applications, provided other properties are sufficient for its 
targeted use. Therefore, TiOx, ZrOx, and HfOx are recommended candidates if one wants 
chemically stable ALD films for devices. 
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Since the method is not quantitative or provides the ability to determine the 
kinetics of the corrosion of the films, it must be combined with other analysis methods in 
order to determine the mechanism or rate of degradation.  In this study, it was shown 
through ellipsometry and XPS that ZnO films dissolve in the presence of water while 
Al2O3 films partially remain, possibly even changing chemical composition in some 
areas.  Correspondingly, measurements of the other oxides used in this study show little 
or no chemical or physical changes in correlation with the PL measurements.  
Based on the results of this chapter, the stable ALD films from this work will 
form the basis to be applied to replace ZnO as the electron selective layer and to replace 




CHAPTER 4  
ALD TIOX AS A STABLE ELECTRON SELECTIVE LAYER 
4.1 Introduction 
As a major cause of the OPV device degradation, Chapter 2 addressed the 
oxidation of electron-harvesting contacts or electron selective layers (ESL). Even with an 
inverted OPV device that is more stable than a conventional OPV, ZnO ESLs (Figure 
4.1) in an inverted OPV are still susceptible to degradation from exposure to moisture.[31] 
Chapter 3 also showed the chemical instability of ALD ZnO by a DI water soaking test. 
Therefore, to replace unstable the ZnO ESL in inverted OPVs, TiOx has received interest 
for its similar energy band structure and environmental stability. 
 
Figure 4.1 Schematics of common layer structures of OPV devices in (a) conventional 
and (b) inverted geometries with typical materials noted. Adapted from reference [146]. 
As found in the Chapter 3, TiOx is highly stable, and TiOx interlayers that are 
highly stable have been used to create electron-harvesting contacts in OPV devices with 
similar band energy structure.[82-84, 147-149] Figure 4.2 shows the band structure of 
semiconductors, ZnO, TiOx ZrOx, and HfOx, that were investigated in Chapter 3, showing 
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that TiOx has the closest band gap as well as Fermi energy (EF) position to that of ZnO.  
For film fabrication, TiOx films have been processed using sol-gel methods,[82] solution 
processed at room temperature,[148] atomic layer deposition (ALD),[79, 147, 150] chemical 
vapor deposition (CVD),[81] and a layer-by-layer method using titania nanosheets[149] and 
have shown power conversion efficiencies as high as 3.5% with poly(3-hexylthiopene) 
(P3HT):PC61BM OPV cells. While titania layers have shown their utility in creating 
electron harvesting contacts in OPV, their lower electron mobility and overall lower 
conductivity, compared to ZnO films, presents a challenge, as these layers can add to the 
seriese resistance (RS) in the OPV to an extent which impacts the device efficiency.[72, 151, 
152] Thus, doping of the titania layers to improve electrical conductivity or the use of 
extremely thin, but non-porous layers of titania, is of interest in order to improve the 
performance of OPV utilizing electron selective contacts.   
 
Figure 4.2 Band energy structure for selected metal oxides showing that TiOx is the most 
similar to ZnO in terms of the water stable oxides measured in Chapter 3. Adapted from 
reference [153, 154] 
The use of ultrathin layers of titania (<3 nm) have been demonstrated through 
solution processing, CVD,[81] and through the use of nanosheets deposited in a layer-by-
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layer approach.[149] While such processes are scalable, care must be taken in eliminating 
pinholes that lower the shunt resistance, RP, in the solar cell.  Thus, excellent conformal 
coverage of the electrode is a foremost requirement of the deposition of the TiOx layer, 
regardless of the technique.  In this regard, methods such as ALD are quite attractive for 
modifying the electrode with metal oxide layers, providing excellent control over 
thickness and the potential for pinhole free films.  ALD TiOx films as hole blocking 
layers have been demonstrated with thicknesses as low as 6 nm, deposited by 
atmospheric spatial ALD methods, or as thin as 0.5 nm when used in conjunction with a 
thick ZnO layer.[79, 83, 147, 155] Thus, it is not clear how well monolithic ALD TiOx layers 
behave as rectifying contacts as the thickness is taken below 6 nm, nor do we understand 
how these electrical properties vary with TiOx thickness.  It is therefore of interest to 
understand the constraints on ALD TiOx thickness and morphology, which lead to 
optimized rectification and OPV response, and it is of interest to have characterization 
methods which can rapidly assess oxide film quality, especially with respect to film 
porosity. 
Titanium oxide can exist in various crystal structures such as anatase, rutile, 
brookite, Magnéli phase etc., or as an amorphous film, and the electrical properties such 
as bandgap, electrical conductivity, and carrier concentration are closely related to the 
structure of the oxide.[156-159] If the crystal structure of TiOx changes via post-processing 
such as annealing, the electrical properties also change.[158-160] Also, the nucleation 
process of film deposition may affect the structure of thin films.[161, 162] Several studies 
have shown that ALD TiOx films start to grow as an amorphous phase and transform to 
the crystalline anatase form as the film grows, even at constant processing 
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temperature.[163-166] The critical thickness where the ALD films undergo a phase  
transformation has been reported to be around 7-8 nm in these studies. However, the 
effect of the phase transformation on the performance of TiOx as an ESL is unknown.  
Therefore, we targeted films with thickness up to 10 nm to determine where an optimal 
thickness regime occurred for ALD TiOx films.  It should also be noted that thin ALD 
TiOx films have been extensively used in recent attempts to both chemically stabilize 
semiconductors such as Si, GaAs, GaP, etc. in photoelectrochemical water splitting 
platforms. As in OPV, these films also provide hole-blocking and attenuation of surface 
recombination of these energy conversion platforms, and we note that extremely thin, 
conformal and amorphous TiOx films are often the most desired outcome.[61, 167, 168] 
 
4.2 Experimental 
4.2.1 Sample fabrication 
For the sample for spectroscopic ellipsometry, XPS, TEM, and Si heterojunction 
diode test, PE-ALD TiOx was deposited on highly-doped p-type (<0.02 Ω cm) or n-type 
(<0.005 Ω cm) silicon wafer.  The Si wafers were cut into samples 20 mm by 20 mm 
size, and then dipped into buffered oxide etchant (6:1) for 1 min to remove the native 
silicon oxide on the substrates before ALD film deposition.  The Si substrates were then 
rinsed with deionized (DI) water, and dried by blowing with dry nitrogen (N2) gas.  The 
samples were then immediately placed into the processing chamber of PEALD (Fiji, 
Cambridge Nanotech).  The substrates remained inside of the chamber for 10 min under 
vacuum (0.2 Torr) so that the temperature of the substrate could equilibrate with the 
chamber temperature which was 250 °C prior to starting the ALD deposition.  For TiOx 
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deposition, TDMAT was pulsed into the chamber via argon gas flow (60 sccm), then the 
chamber was purged for 5 s to remove excessive precursor gas. Then, as an oxidizer, 
oxygen remote plasma is generated at the top of the processing chamber by applying 300 
W RF field on oxygen flow (30 sccm), and is delivered into the chamber in the 200 sccm 
of argon gas flow.  The chamber was purged for 5 s again to remove excessive oxygen 
and reaction byproducts. This cycle was repeated until the desired film thickness was 
reached.  For the experiment of angle-resolved XPS, CV measurement, conductive AFM, 
and OPV device fabrication, TiOx films were deposited on low surface roughness ITO 
substrates (ρ=20 Ω sq-1, Thin Film Devices Inc.). The ITO substrates were cut into 25 
mm by 2.5 mm size, and rinsed with acetone, isopropyl alcohol, and DI water, 
sequentially, for each 10 minute with sonication.  After blowing dry with N2, the 
substrates were transferred into the PE-ALD chamber and followed the same procedures 
in the Si/ TiOx sample case for TiOx deposition. 
 
4.2.2 Film characterization 
After ALD film deposition, the films were analyzed using various-angle 
spectroscopic ellipsometry (M-2000, J. A. Woollam Co., Inc.), XPS (Thermo K-alpha, 
Thermo Scientific), angle-resolved XPS (Kratos Axis Ultra), UPS (Kratos Axis Ultra), 
grazing incidence XRD (Rigaku Dmax 2000), and C-AFM (Veeco Dimension 3100).  
 
4.2.2.1 Angle resolved XPS 
In order to profile the chemical composition along the film thickness, angle-
resolved XPS (ARXPS) was used. The information depth for XPS is a few nanometers, 
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depending upon the kinetic energy of the electrons and the material being analyzed. 
ARXPS, however, is a technique that varies the emission angle at which the electrons are 
collected, thereby enabling electron detection from different depths. ARXPS provides 
information about the thickness and composition of ultrathin films. Such measurements 
are non-destructive, unlike sputter profiling. 
In this chapter, the Kratos Axis Ultra system was used in collaboration with the 
research group of Professor Neal R. Armstrong at the University of Arizona for ultrathin 
TiOx ALD study. Two collection angles, normal (0°) angle and 60°, were used by tilting 
the sample stage accordingly. 
 
4.2.2.2 UV photoelectron spectroscopy 
In order to investigate the work function (WF) and ionization energy (IE) of 
semiconductor, UV-photoelectron spectroscopy (UPS, Kratos Axis Ultra) is used in 
collaboration with the research group of Professor Neal R. Armstrong at the University of 
Arizona. UPS is similar to XPS except the excitation source is UV light (He I, 21.22 eV) 
that is much lower energy than X-ray. Therefore, only the valence band electron can be 
excited and reaches the detector. From the distribution of kinetic energies of the electrons 
that reach the detector, WF and IE can be evaluated. The analysis was done in the 
ultrahigh vacuum (5×10-6 Torr) chamber, and the spectrometer was calibrated frequently 
with a clean gold foil, to ensure that a work function of ca. 5.1 eV was obtained. Figure 
4.3 shows the electron transition process in UPS. Further details of WF and IE analysis 
will be discussed later with measurement data.  
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Figure 4.3 Schematic illustration of election transitions in UPS.[169] The distribution of 
kinetic energy of excited electrons, WF and IE can be evaluated with respect to vacuum 
energy level. 
 
4.2.2.3 X-ray diffraction 
X-ray diffraction (XRD) is a primary method for determining the arrangement of 
atoms in minerals and metals. In this research, XRD was used to detect the crystalline 
phases present in the film. In order to acquire a detectable signal from ultrathin ALD 
films, grazing incidence XRD (GIXRD, Rigaku Dmax 2000) was carried out in 
collaboration with the research group of Dr. Joseph Berry at the National Renewable 
Energy Laboratory. The X-ray beam angle was 0.18°, and the X-ray source is Cu Kα line, 
whose wavelength is 1.5406 Å.  
4.2.2.4 Transmission electron microscopy 
The atomic structure of the TiOx film was investigated using scanning 
transmission electron microscope (STEM, JEOL 2200FS) at	 the	 Oak	 Ridge	 National	
Lab.	 Cross-sectional specimens were prepared using an ion-beam milling, and mounted 
on a copper ring for STEM.  
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For the TEM specimen, a 10 nm think ALD TiOx film was deposited onto a Si 
substrate. Two same samples were adhered to each other using epoxy and cured for 2 
hours at 100°C on a hot plate. This sandwiched structure was then diced into smaller 
pieces of 1mm x 1mm x 2.2mm using a dicing saw. These small pieces were then dipped 
into a small drop of epoxy and then baked for 2 hours at 100°C. They were then attached 
to stub using wax and polished from one side using SiC papers of grit size 800, 1200, 
2400 and 4000, in the same order so as to make one side of the sample smooth and free of 
cracks. After this, the sample was flipped and trimmed into a circular disc of 3mm 
diameter. After this, it was again polished using the same procedure until the sample 
thickness reached approximately 100 µm. After this, the whole sample, along with stubs 
was taken for dimpling using copper wheel and diamond paste. The diamond paste 
particles used were of 3 µm size. The thickness of sample after dimpling was reduced to 
about 10 µm at the center. The thickness of the samples was measured using an optical 
microscope. The samples were then detached from the stubs by placing them in acetone 
to dissolve the wax. Samples were then fixed onto a Cu ring using epoxy. Afterwards, the 
samples were ion-milled using precision ion polishing system (PIPS) for final thinning. 
The	prepared	specimen	was	shipped	to	the	Oak	Ridge	National	Lab	for	TEM	
imaging.	 High-resolution	 STEM	 images	 were	 acquired with a probe current of 30 pA 
and probe size of roughly 0.8 Angstroms. 
4.2.2.5 Atomic force microscopy 
The surface morphology and surface roughness of the metal oxide thin films were 
studied by AFM (Dimension 3100, Veeco) in collaboration with the research group of 
Professor Thierry Mélin at the Institute of Electronics, Microelectronics and 
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Nanotechnology in France. The surface morphology was measured is in the intermittent-
contact mode (or a tapping mode) AFM. In the intermittent-contact mode AFM, the film 
surface was probed with a sharp tip that was attached to a cantilever. The system vibrates 
the cantilever near its resonance frequency that depends on the distance between the tip 
and the sample surface. Changes in the frequency were then used for imaging the surface 
topography. The tip vibrates very close to the surface just barely hitting the surface so 
that no lateral forces are applied to the surface.  
In addition to surface topology, the conductive AFM (CAFM) was also carried 
out in the same tool by adding an external module for CAFM. A platinum-iridium coated 
silicon probe tip (SCM-PIC, Bruker) AFM tip was used to acquire current data during 
CAFM scanning. For CAFM, contact mode scanning was carried out to acquire current 
mapping images. The underlying ITO layer was grounded using silver epoxy and a probe 
tip was biased from 0 V to -2 V. Current mapping images and I-V curves of specific 
locations were measured at room temperature conditions. 
 
4.2.3 Cyclic voltammetry 
The cyclic voltammetry (CV) is an electrochemical characterization method to 
investigate charge transport behavior of metal and semiconductor. Nicholson and Shain 
performed quantitative simulations of CV in 1964 and explained that all reversible 
voltammograms look the same and the typical shape, called Nernstian system as in 
Figure 4.4 (b).[170] Also, the peak current (ip) can be expressed as, 
  = (2.69 × 10)/// ( 4.1 ) 
where n is the number of electrons transferred, A is the electrode area, D is the diffusion 
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coefficient, C is the bulk concentration of species, and v is scan rate. Observing the peak 
current, the amount of oxidation and reduction of analyte at the electrode. If the electrode 
is coated with a semiconductor, charge transport property of the semiconductor can be 
investigated.  
 
Figure 4.4 (a) Typical excitation signal for cyclic voltammetry, and (b) acquired cyclic 
voltammogram. Adapted from reference [171]. 
In this dissertation, hole blocking properties of ALD TiOx films were studied in 
collaboration with the research group of Professor Neal R. Armstrong the University of 
Arizona. CV experiment was carried out using a CHI 660c potentiostate with a three-port 
electrochemical cell consisting of platinum counter electrode, Ag/Ag+(BASi, 10 mM 
AgNO3 in 0.1M TBAPF6 electrolyte) reference electrode, and ALD TiOx/ITO working 
electrodes (area = 0.671 cm2) (See Figure 4.5). Probe molecules Decamethylferrocene 
(97%, Aldrich), 1,1-Dimethylforrocene (97%, Aldrich), and TPD (N,N′-Bis(3-
methylphenyl)-N,N′-diphenylbenzidine) (99%, Aldrich) were prepared as 0.5 mM with 
TBAPF6 (0.1 M) in acetonitrile (HPLC grade, EMD). Voltage is scanned at 0.05 V/s.  
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Figure 4.5 Schematic diagram of the CV measurement. ITO/ALD TiOx samples were 
used as a working electrode in the measurement. 
 
4.2.4 Si heterojunction diode device fabrication and characterization 
In order evaluate the hole blocking property of CVD TiOx layer, Avasthi et al. 
proposed a Si/TiOx heterojunction diode (Figure 4.6).[172] In the same manner, Si/TiOx 
heterojunction test diodes were made by depositing Al and Ag metal contacts on the 
Si/TiOx samples using an e-beam evaporator (Denton E-beam evaporator). After the ALD 
deposition on Si substrates, samples were transferred into the e-beam evaporator chamber 
within 30 min. First, 100 nm silver layers were deposited on the bottom side of the Si 
substrate at the pressure of 3×10-6 Torr, and 50 nm thick aluminum layers were deposited 
on the top side of the ALD layers with a shadow mask. Using the patterned shadow mask, 
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an array of circular shaped Al electrodes were fabricated with an area of 0.114 cm2.  The 
metal thickness was monitored by an in-situ quartz crystal during deposition.  
 
Figure 4.6 Si/TiOx heterojunction diode test for charge selectivity test. (a) I-V curves of 
Al/TiOx/p-type Si/Ag heterojuntion diode test device, showng retification contact was 
made with TiOx and p-type Si. (b) energy band diagram of the TiOx/Si heterjuntion diode, 
showng the energy barrier 2.1 eV is built at the interface of TiOx and Si in their the 
valence band.  Adapted from reference [172]. 
 
The J-V characteristic of the fabricated heterojunction devices was tested with a 
custom-made 4-point probe stage and a source meter (Keithley 2400).  The stage used 
gold-coated spring pins for top and bottom plane contacts using the 4-point configuration 
reduced the effects of parasitic resistance from wires and contacts. The voltage was swept 
from -1 V to 1 V with 0.02 V step on the Al contact, and the current flow was measured. 
Table 4.1 summarizes the samples made in this chapter. Figure 4.7 (a) and (b) shows a 
device structure and the configuration of the measurement, respectively. Figure 4.8 
shows (a) a fabricated Si/TiOx heterojunction test diode, and (b) a custom 4 point spring-
pin probe stage used in this experiment. 
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Al 50 nm 
n-type Si (500 μm) 
- 
Ag 100 nm 
TiOx 3.0 nm 
p-type Si (500 μm) 
- 
TiOx 0.5 nm 
TiOx 1 nm 
TiOx 3 nm 
ZnO 3 nm 
 
(a) (b)  
Figure 4.7 Test structure of metal oxide/Si diode for testing the hole blocking capability 
of ALD TiOx films. (a) Schematic illustration of the diode with a patterned top Al 









(a)   (b)  
Figure 4.8 Heterojunction Si/TiOx diode devices. (a) Fabricated test sample and (b) 
custom probing stage, probing the top Al pads using 2 spring pins, and the bottom Ag 
layer is connected on the bottom copper surface. 
 
4.2.5 OPV device fabrication and characterization 
General procedures for the OPV device fabrication and characterization are 
described in previous studies.[81, 173] ALD films with thicknesses including 0.5 nm, 1 nm, 
3 nm, and 10 nm were prepared using PEALD  (Fiji, Cambridge Nanotech), and shipped 
to the research group of Professor Neal R. Armstrong the University of Arizona to 
complete TiOx OPV device fabrication and characterization and a travel grant allowed me 
to go and work in his laboratory. Table 4.2 lists the samples fabricated for this set of 
tests.  A solution for the BHJ layer were prepared by dissolving P3HT(20 mg, Rieke 
Metals) and PC61BM (16 mg, Nano-C) into 1,2-dichlorobenzene solvent (1 mL), and the 
solution was stirred at 60 °C for at least 3 hours. At room temperature, a 150 µL solution 
was obtained to spin on ITO/TiOx substrates at 700 rpm for 1 minute.  The substrate was 
then stored in covered Petri dish right after spin-coating. On the following day, the 
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substrates were annealed at 100 °C for 10 minutes on a hot plate.  Then poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS, Hereaus) solution with 
Triton X-100 (1 wt%, Fisher Scientific) was spin-coated at 4000 rpm for 1 min.  The 
PEDOT:PSS layer was rinsed off with ethanol and isopropanol and spin coated 
repeatedly until a full uniform PEDOT:PSS layer is obtained. Thereafter each substrate 
was transferred to a hotplate and annealed at 110 °C for 10 min in a N2 filled glovebox. 
Finally 100 nm Ag (99.99%, Kurt J. Lesker) was deposited by thermal evaporation at 10-6 
Torr with a shadow mask defining the cell area as 0.125 cm2. All device creation steps 
were undertaken a in N2 filled glovebox (Mbraun Labmaster) except for the PEDOT:PSS 
spin-coating steps. 
 












TiOx 0.5 nm 
P3HT:PCBM PEDOT:PSS Ag 
TiOx 1 nm 
TiOx 3 nm 
TiOx 10 nm 
 
The performance of photovoltaics was evaluated by current density-voltage (J-V) 
characteristic. The main device performance parameters such as power conversion 
efficiency (PCE), open-circuit voltage (VOC), short-circuit current density (JSC), and fill–
factor (FF) was measured using a source meter (Keithley 2400) while illuminating the 
device with a simulated solar light in a glove box. These parameters were extracted from 
the measured current density-voltage curves as shown in the Figure 4.9.  
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Figure 4.9 A typical J-V curve of a solar device. 
 
The JSC (current density at V=0), VOC (voltage at I=0), and voltage (Vmax) and 
current density (Jmax) at the maximum power point (Pmax) are also shown in the figure. FF 
is defined as the ratio of the actual maximum generated power (Vmax×Jmax) to the 
theoretical maximum power (VOC×ISC) and is given by, 
   ( 4.2 ) 
The power conversion efficiency of a photovoltaic is expressed as follows 
 
   ( 4.3 ) 
where Pin is the incident light power density. In addition, the device series resistance (Rs) 
and shunt resistance (RP) can be estimated with the inverse slope of a J-V curve.  
In this chapter, the J-V characteristics were measured using a source meter 
(Keithley, model 2400) and custom software (National Instruments LabView) in a N2 



























density filter (Thorlabs), an AM 1.5 filter (Melles Griot), and a 40 degree output angle 
optical diffuser (Newport).  The light intensity on the devices was calibrated by a 
response thermopile (Newport) and a silicon photodiode (Newport–Model 818-SL with 
OD3 Attenuator) to be 100 mW cm-2.   
 
4.3 Film properties of ALD TiOx films 
4.3.1 Chemical composition 
The chemical composition of ALD TiOx films were analyzed from high resolution 
Ti 2p and O 1s XPS spectra for the TiOx film.  The shape and peak positions of the Ti 
2p3/2,1/2 peaks were consistent with the formation of TiOx with no observable lower 
oxidation state mid-gap defects as shown in Fig. S2 in the Supplementary Information 
section.[174] Table 4.3 summarizes the analyzed composition ratio of the OH- and O2- 
components from the O 1s XPS spectra at 2 collection angles, 0° and 60° (Figure 4.10).  
As the film becomes thicker, the relative intensity of the O 1s peak for OH- decreases for 
both collection angles. As the TiOx film thickness increases from 0.5 nm to 3 nm, the 
ratio of OH- peak decreases from 18.3% to 11.1% at 0° collection angle, and 21.1% to 
13.7% at 60° collection angle. This suggests that the stoichiometric titanium dioxide 
component becomes dominant as the film thickness increases to 3 nm.  Also, the 
hydroxyl components were found more at the 60° collection angle than at 0° collection 
angle, which suggests that the hydroxyl component resides on the top surface of the layer 
rather than inside of the layer, and some of this hydroxide may have formed when the 
PE-ALD films were briefly exposed to atmosphere, before containment in the argon-
filled vessel for transport to the surface analysis system.  In any case it is clear that the 
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thinner (< 3 nm) TiOx film are slightly more susceptible to hydroxylation, as would be 
expected for a thin film which still contains a few pin-holes, allowing exposure of the 
remaining ITO substrate.[161, 175] 
 














O 1sb) (%) 
O 1s components 
ratio Oxide/hydroxyl 
0 
0.5 81.7 ± 0.3 18.3 ± 0.1 3.47 ± 0.01 
1 84.5 ± 0.3 15.5 ± 0.1 5.44 ± 0.02 
3 88.9 ± 0.3 11.1 ± 0.1 8.03 ± 0.03 
60 
0.5 78.9 ± 0.3 21.1 ± 0.1 3.74 ± 0.01 
1 81.4 ± 0.3 18.6 ± 0.1 4.39 ± 0.02 
3 86.3 ± 0.3 13.7 ± 0.1 6.29 ± 0.02 
a)Binding energy at 530.6 eV;  b)Binding energy at 532.0 eV. 
 
 
Figure 4.10 Angled resolved XPS spectrum of normalized O 1s peaks of TiOx, (a) 
spectrum of normal detection angle, 0°, and (b) spectrum of shallow detection angle, 60°. 
As the film thicker, the ratio of hydroxyl O1s peak (532.0 eV) to oxide O 1s peak (530.6 
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Figure 4.11 Angled resolved XPS spectrum of normalized Ti 2p peaks of TiOx  (a) at 
normal detection angle 0°, and (b) a shallow detection angle, 60°. No difference was 
observed in Ti 2p spectrum. 
 
4.3.2 Electron band energy structure 
UPS was used to characterize both the work function and EVB for the 3 nm 
PEALD TiOx film deposited on a p-type Si substrate (Figure 4.12 (a)), and 1 nm, 3 nm 
PEALD TiOx film on ITO substrates.  As in several previous studies,[81, 176, 177] the 
effective work function of the TiOx film was evaluated by estimating the energy 
difference (w) between the low kinetic energy edge (LKE) of the photoemission 
spectrum, and the spectrometer/sample Fermi energy (see Figure 4.12), and subtracting 
this difference from the source energy, 21.2 eV: Φ = 21.2 eV – w.  In the same manner 
EVB was estimated by computing the difference (w') between LKE and the high kinetic 
energy edge for photoemission from the oxide film (HKE) and subtracting that from the 
source energy:  EVB = 21.2 eV – w'.   Thus, the work function and the VBE with respect 
to the vacuum level for 3 nm TiOx film on Si was 3.7 eV and -7.1 eV, respectively.  Also, 
the work functions of 1 nm and 3 nm TiOx films on ITO substrates were 3.6 eV and 3.7 
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eV, respectively.  These values are close to those expected for stoichiometric TiOx thin 
films or bulk semiconductors, even though the absolute thickness is just above the 
sampling depth for the UPS experiment, which is about less than 3 nm.[178, 179] Clearly the 
PE-ALD process leads to the stoichiometric oxide, at thicknesses predicted to lead to 
good electrical properties (see below), avoiding some of the resistance effects seen for 
thicker TiOx films.  
Based on these UPS results, Figure 4.12 (b) shows a proposed general band 
energy diagram of Ag/p-type Si/TiOx/Al test device structures, which were used in the Si 
diode experiment later.  The energy band in the diagram is aligned at the Fermi level 
when the device is at short-circuit condition, and pre-contact energy levels of Ag, p-type 
Si, and Al were taken from other studies.[81, 172] According to the diagram, holes in the 
valence band of the silicon must overcome an energy barrier to travel to the Al metal 
contact due to the large band gap and low valence band energy of the TiOx layer.  This 
low valence band energy introduces a valence band offset (or a barrier height for hole 
transport) ΔEV ≈ 2.0 eV which would be more than sufficient for hole-blocking in these 
devices, when the TiOx film is of sufficient thickness. 
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Figure 4.12 Electron band energy structures of ALD TiOx and ZnO films. (a) UPS 
spectra of a 3 nm TiOx film on Si substrate, and (b) band energy diagram from UPS 
spectra. 
 
4.3.3 Structural properties (XRD, TEM) 
The crystal structure of TiOx films on Si substrates were investigated using 
GIXRD with an incident angle of 0.18°, and Figure 4.13 shows the GIXRD patterns of 3 
nm, 5 nm, and 10 nm TiOx films. The 10 nm TiOx film shows peak patterns that 
completely overlap with those for anatase TiOx except a peak at 50.5°, which was caused 
by diffraction from the Si substrate.[163] However, 5 nm TiOx films show no diffraction 
peaks suggesting that these are amorphous films, while 10 nm TiOx films are 
predominantly in the anatase form.  Thus, there is a clear phase transition as film 
thickness increases.  This result also agrees with previous studies that show there is a 
critical thickness that ALD TiOx structures develop from amorphous to anatase during 




Figure 4.13 XRD peak analysis of 3 nm, 5 nm and 10 nm TiOx films on Si substrates. 3 
nm and 5 nm film have no peak, suggesting amorphous TiOx. On the other hand, 10 nm 
TiOx film shows XRD peaks corresponding to anatase structure. 
 
Cross-sectional TEM images in Figure 4.14 support the formation crystal phase 
in 10 nm thick TiOx film on Si substrate. However, the crystal phase exists partially in the 
film, and that may results in localized variance in electrical properties as some regions 
remain amorphous while some are crystalline. 
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Figure 4.14 Cross-sectional TEM images of 10 nm TiOx film on Si substrate at two 
locations. (The top right scale bar is 2 nm) At location (a), two crystal phases was 
observed in 10 nm TiOx film, and at location (b), both amorphous and crystal phase were 
observed.  
 
4.3.4 Out-of-plane conductivity  
We also used C-AFM to investigate details of microscopic electrical properties of 
these ALD TiOx films, acquiring both current mapping images and current-voltage 
profiles. Figure 4.15 shows surface morphology and corresponding current mapping 
images with 1, 3, and 10 nm TiOx layers on glass/ITO substrates. Successive scans 
showed that there is no noticeable difference in the morphology among 3 different 
thicknesses of TiOx on ITO surfaces, and root mean square roughness values are 0.4 nm 
for all cases, which is consistent to that of bare ITO. However, the current mapping 
images by C-AFM showed that the average currents are different depending on TiOx film 
thickness. As seen in Figure 4.15 (d), the average current for 1 nm TiOx is -164 pA at -
1.3 V bias, and the current distribution is quite uniform. With 3 nm TiOx films, the 
average current, -160 pA was measured when the sample is biased down to -1.5 V as seen 
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in Figure 4.15 (e). The high current in 1 nm TiOx film seems to be affected by the 
contribution of the tunneling current while the tunneling current was suppressed with 
thick 3 nm films. Finally, Figure 4.15 (f) shows C-AFM images of a 10 nm TiOx film, 
and the average current was -155 pA at -1.5 V bias. However, as the film thickness 
increases, local dark spots appear that indicate localized large current flows. For detailed 
electrical behavior of TiOx films, current-voltage (I-V) curves were acquired sweeping 
bias from 0 V to -2 V.  
Figure 4.17 (a) plotted I-V curves of bright areas and dark areas in the 10 nm 
TiOx C-AFM image. In the dark area, higher current flowed even at lower bias than in the 
bright area. These results suggest that highly conductive areas form locally as the TiOx 
film become thicker, which may be related to the formation of anatase crystalline 
structures in thick TiOx film as we observed in GIXRD and TEM results.  It has been 
proposed that the crystallinity of the anatase phase results in high conductivity as charge 
can transport along the grain boundaries of the TiOx.[159, 180] Figure 4.17 (b) shows the 
average I-V curves of bright area in 1, 3, and 10 nm TiOx film, and thresholds voltages 
were evaluated by finding x-intercept of the tangent line of data points where current 
flows more than -30 pA. As discussed, because of the tunneling current, lower threshold 
voltage, ca. -1.3 V, and higher current were observed with 1 nm TiOx film than 3 nm or 
10 nm TiOx film. In 10 nm TiOx films, the current is higher than that of 3 nm TiOx film at 
above the threshold voltage, even if the threshold voltages were similar, ca. -1.5 V. This 
also indicates that thick TiOx film is more conductive because of the different crystal 




Figure 4.15 Conductive AFM of the ALD TiOx films on glass/ITO substrates. Surface 
morphology images of (a) 1 nm TiOx, (b) 3 nm, and (c) 10 nm thick TiOx films on ITO; 
Current mapping images of (d) 1 nm TiOx, (e) 3 nm, and (f) 10 nm thick TiOx films on 
ITO.  The dark spots in the current mapping images show regions of high current.  These 
regions increase with increasing film thickness which act to reduce the shunt resistance of 
the film in spite of increased film thickness. This is believed to be due to the growth of 
anatase crystals in the films. 
 
Figure 4.16 compared the histogram of current distribution of the 1, 3, and 10 nm 
thick ALD TiOx films. As seen in the figure, the distribution is narrow with the 1 nm film 
while the distribution widens as the film thickness increase. As previously mentioned, the 
formation of the high leakage current region is related to the crystal phase of TiOx, and 
may lead to the increased leakage currents in OPV devices, which is unfavorable. 
 110
 
Figure 4.16 Histogram of conductive AFM current distribution for 1 nm, 3 nm, and 10 
nm TiOx films showing that the distribution of current widens as the film thickness 
increases.  Overall, the shunt resistance deteriorates with increasing film thickness. 
 
 
Figure 4.17 Current-voltage (I-V) curves with C-AFM. (a) I-V curves of two 
distinguishable areas of 10 nm TiOx C-AFM images (inset image).  The dark curve 
comes from the bright areas where current flow is lower and the red curve comes from 
dark features where current flow through the film is highest. (b) Average I-V curves of 
bright areas with 1, 3, and 10 nm TiOx films on glass/ITO substrates. 
 
4.4 Investigation of charge selectivity 










































4.4.1 Electrochemical characterization of charge selectivity 
As a first approach to evaluate the charge selectivity of TiOx layers on ITO prior 
to full BHJ OPV device characterization, we pursued electrochemical studies of redox 
processes for solutions of probe molecules in contact with the ITO/TiOx electrodes. This 
is an approach that has been used successfully in the past to evaluate the pinhole density 
(porosity) of thin oxide and polymer layers covering indicator electrodes of a variety of 
types, including ITO, and to verify that charge injection pathways are blocked in wide 
bandgap semiconductors, such as oxide films.[81, 151, 181, 182] As Ou et al. have shown 
recently for characterization of CVD TiOx films on ITO,[81] we chose the following redox 
couples: N,N-Bis(3-methylphenyl)-N,N’-diphenylbenzidine (TPD), 1,1-
Dimethylforrocene (Me2Fc), and Decamethylferrocene (Me10Fc), whose redox potentials 
on an absolute energy scale are ca. -5.6, -5.0, and -4.6 eV respectively vs. vacuum, i.e. 
they lie within the TiOx band gap energy range: -3.4 (CB) to -7.4 (VB) vs. vacuum level.  
If the oxide film is stoichiometric, without significant mid-gap states through which 
charges can be injected, no charge transfer reactions are anticipated in the dark, provided 
that the oxide film is also thick enough to suppress charge injection through 
tunneling.[183] As discussed recently by Bard and coworkers,[181] pinholes and defects 
within the oxide films permit diffusion of these probe molecules to the underlying ITO 
contact where charge transfer can occur, and in general we have found that these 
voltammetric probes are an excellent indicator of the conformal nature of both CVD and 
ALD oxide films. 
Figure 4.18 shows the voltammograms (from left to right: TPD, Me2Fc, and 
Me10Fc) of bare ITO, ITO/TiOx 0.5 nm, ITO/TiOx 1 nm, ITO/ TiOx 3 nm, and ITO/ TiOx 
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10 nm samples.  In the case of bare ITO (Figure 4.18 (a)), typical voltammograms were 
seen for all three probe redox couples, with good symmetry in the oxidation/reduction 
waves, narrow separation in anodic/cathodic peak potentials, consistent with reasonably 
fast and reversible charge transfer events on the bare ITO surface.[81] Strikingly, even for 
TiOx ALD films with thicknesses of only 0.5 nm and 1 nm (Figure 4.18 (b) and (c)), the 
voltammetric responses become significantly distorted, with much larger separation in 
the anodic/catholic peak potentials. As shown in previous voltammetric studies on 
passivated electrodes these results are consistent with even the 0.5 nm TiOx films 
exposing less than ca. 1% of the geometric area of the underlying ITO, suggesting nearly 
conformal coverage for ca. 10 ALD cycles.[184, 185]  Charge transfer is completely blocked 
for ITO films coated with 3 nm and 10 nm TiOx ALD films (Figure 4.18 (d) and (e)), 
where we only observe capacitive charging currents (non-Faradaic) that become smaller 
as TiOx thickness increases. It should be noted that previous experiments of this type 
using CVD TiOx layers on the same ITO contacts showed that 10-20 nm thicknesses were 
required to achieve the same degree of blocking of these redox probes.[81] In work to be 
reported elsewhere, we have observed that even thicker sol-gel derived ZnO films are 
required to achieve the same degree of electrochemical blocking of these redox probes, 
and that in all cases this voltammetric characterization of these redox probes is a rapid 
and useful means of predicting which types of interlayer films will be useful in OPV 




   
  
Figure 4.18 Cyclic voltammograms of probe molecules Decamethylferrocene, 1,1-
Dimethylforrocene, and TPD(N,N′-Bis(3-methylphenyl)-N,N′-diphenylbenzidine) with 
(a) bare ITO, (b) ITO/ TiOx 0.5 nm, (c) ITO/ TiOx 3 nm, and (d) ITO/ TiOx 10 nm.  
Potential showed in graph is referenced to Ag/AgNO3.  The data show that current 
blockage begins with 0.5nm thick films and is sufficiently blocked by 3nm thick films. 
 
























































































































































4.4.2 Si/TiOx heterojunction diode characterization 
Figure 4.19 shows the J-V characteristics of Al/p-type or n-type Si/Ag devices 
with and without the TiOx layer between the Al contact and the Si active layer.  For both 
p- and n-type Si devices, without the PE-ALD TiOx layer, there is no evidence of 
rectification consistent with ohmic Al-Si and Si-Ag contacts, with negligible interface 
resistance. With the n-type Si diode using a 3 nm PE-ALD TiOx layer between the Al 
contact and Si, ohmic behavior is still seen, with a higher device series resistance of ca. 
0.071 Ω cm2. This again is consistent with electron injection/extraction at both contacts, 
with minimal energy barriers, as expected given the low work function of both Ag and Al 
contacts, and the fact that the conduction band edge for TiOx and its effective work 
function provide for minimal energy barriers for electron flow in either direction.[172]  For 
the Al/TiOx (3 nm)/p-type Si/Ag device the J-V response clearly demonstrates rectifying 
behavior. While the current density increased exponentially under negative bias on the Al 
electrode and was 1.46 A cm-2 at -0.4 V bias, the current flows was less than 30.2 mA cm-
2 in positive bias up to +0.4 V showing a rectification ratio of 48.  The rectification ratio 
was higher for even thicker TiOx films, however this response was accompanied by a 
higher series resistance in the device, which would be problematic in an energy 
conversion platform.  
Figure 4.20 shows J-V characteristics of Si/ TiOx heterojunction diode devices 
with 0.5 nm, 1 nm, and 3 nm thick TiOx films on (a) a linear scale and (b) a semi-log 
scale.  In all three cases, the current density was more than 6000 mA cm-2 at -0.5 V bias, 
and current densities below 40 mA cm-2 were observed for positive bias up to 0.5 V, 
which indicates the rectification ratio is higher than 150 at ±0.5 V.  The turn-on voltages, 
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estimated by linear fitting of the current flow curves, were -0.39 V, -0.37 V, and -0.36 V 
for 0.5 nm, 1 nm, and 3 nm TiOx layer, respectively. The decrease of the turn-on voltage 
may be caused by either the decrease of the band energy barrier, or the decrease of 
different interfacial resistance. As seen in Figure 4.20 (b), the rectification ratio was 
more than 500 in 0.5 and 1 nm TiOx samples. Similar to the cyclic voltammetry results, 
this suggests that PE-ALD TiOx films are highly uniform and have low pinhole or defect 
densities over the 0.114 cm2 area. Also, a sub-nanometer scale film demonstrates that it is 
possible to flow a large amount of current via this ultrathin TiOx while maintaining the 
hole-blocking property.  Compared with previous studies of modified-CVD TiOx/Si 
diodes with layer thicknesses between 1-3 nm,[172] the overall current densities of these 
devices are 100 times higher. Considering the Si wafer resistivity in the previous work is 
lower (<0.005 Ω cm) than that of ours (< 0.02 Ω cm), there is a clear improvement in the 
current density by the use of ALD TiOx, and not from the doping level of the substrate.  
In addition, the data in Figure 4.20 shows an increase in current density with increasing 
film thickness.  For now, it is not clear as to why this occurs, but two reasons may be 
possible for this behavior. First, the work functions of TiOx layer can vary with thickness 
in these ultrathin layer regimes, and are different from the work function of bulk TiOx 
film. The UPS results reveal that the work function of 1 nm and 3 nm TiOx film on ITO 
are 3.6 eV and 3.7 eV, respectively. Considering that the work function of 24 nm CVD 
TiOx film was 3.74 eV in a previous study,[81] the work function variation is uncertain to 
affect the current density. The second is the leakage current that is related to the crystal 
structure of TiOx films. As discussed previously with XRD results, TiOx film develops 
from amorphous to anatase crystal structure as the TiOx thickness increases during ALD 
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processing at 250 °C. Studies by Shin et al., and Dang et al. reported that the grain 
boundaries of anatase structure can contribute to increased conductivity or leakage 
current of TiOx films.[159, 180] Even if anatase TiOx was not detected in our films by 
GIXRD until they reached 10 nm in thickness, the possibility of nano crystal domain 
formation can lead to an increased number of current pathways via grain boundaries.  
 
 
Figure 4.19 Current density - voltage characteristics of 3 nm TiOx layers on p-type and 
n-type silicon wafer (Ag/Si/TiOx/Al) The p-type Si/TiOx junction shows rectification 
behavior, whereas n-type Si/TiOx junction is an Ohmic contact. Without TiOx, the Si 




Figure 4.20 TiOx heterojunction diode results in (a) linear scale and (b) log scale. The 
heterojunction diodes with all 0.5 nm, 1 nm, and 3 nm thick TiOx films showed 
noticeable rectification performance.  The turn on voltage of the diode decreased with 
increasing film thickness in this study as well. 
 
4.5 OPV performance 
 
Figure 4.21 shows J-V characteristics of inverted configuration OPV devices, 
which consists of ITO/ TiOx / P3HT:PC61BM/ PEDOT:PSS/ Ag, under light and dark 
conditions, and Table 4.4 tabulates the summary of the J-V characteristics including 
short-circuit current density (JSC), open-circuit voltage (VOC), fill factor (FF), power 
conversion efficiency (PCE), shunt resistance (RP), and series resistance (Rs). With OPV 
devices with 0.5 nm, 1 nm, 3nm, and 10 nm TiOx hole-blocking layer, JSC ranged from -
9.24 to -9.66 mA cm-2, and VOC ranged from 0.61 to 0.64 V. Even if the variation of JSC 
and VOC with various thicknesses of TiOx layers was insignificant, the FF of the each 
devices showed noticeable changes depending on the thickness of the TiOx layer as 
shown in Table 4.4. Among these various TiOx devices, the maximum FF, 0.51, and the 
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maximum PCE, 2.98%, was achieved with devices using 3 nm PE-ALD TiOx layers, 
which is a favorable performance when compared to other similar TiOx OPV devices 
whose PCEs range from 1-2.6%.[83, 147, 149] In these results, we also observed an 
interesting variation in device resistance (RS and RP) versus the TiOx thickness. First, the 
shunt resistance increases from 0.4 kΩ cm2 to 3 kΩ cm2 when the thickness increases 
from 0.5 nm to 3 nm, but it decreases slightly back to 2 kΩ cm2 when the thickness is 
increased to 10 nm. The increment of RP may be due to the better hole-blocking 
performance with more stoichiometric TiOx with increases film thickness as we observed 
in the CV measurement results, but the reason for the decrease of RP with 10 nm TiOx is 
posited to be related to the crystal structure change from amorphous to anatase when the 
film thickness reaches 10 nm as we observed in the GIXRD results. We observed that 
ALD TiOx film starts to grow as an amorphous film initially, and starts to form anatase 
crystalline structure later between 5-10 nm thick regions.  Also, C-AFM results showed 
that increased and localized conductivity with 10 nm TiOx film compared to 3 nm. Thus, 
the crystallinity of the anatase phase is believed to result in the lower shunt and series 
resistances seen in the thicker TiOx films as charge can transport along the grain 
boundaries of the TiOx.[159, 180] The higher conductivity of anatase TiOx is also reported in 
the annealing study of amorphous TiOx films.[187]  Thus, anatase TiOx films may actually 
lead to decreased hole blocking properties versus a thinner amorphous TiOx film, as has 
also been seen for ALD TiOx stabilization of semiconductors (such as Si, GaAs) used in 
photoelectrochemical water splitting processes.[61, 167] However, the RP values  in this 
work are still larger than other similar studies;  0.65 kΩ cm2 with atmospheric-ALD  
TiOx,[147] 1.1 kΩ cm2 with layer-by-layer-deposited  TiOx,[149] 0.8 kΩ cm2 with sol-gel 
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prepared TiOx,[82] and 0.4 kΩ cm2 with chemical-vapor-deposited TiOx.[81] Even if the 
thickness of the PEALD TiOx is thinner than any of these other studies, RP is higher than 
that of the other studies, which implies that PEALD TiOx provide improved hole 
blocking properties with superior uniformity.  
Second, the series resistance of the devices decreases from 19 Ω cm2 to 9 Ω cm2 
as the TiOx thickness increases from 0.5 nm to 10 nm.  This relationship shows that the 
resistance is inversely proportional to the film thickness over this range unlike bulk 
materials, whose resistance is linearly proportional to the film thickness according to 
Ohm’s law. As we observed in the XPS results that the ratio of hydroxyl O 1s and oxide 
O 1s changes depending on the film thickness, the film resistivity may not be constant 
either, and this also affects the current density increases in the previous Si heterojunction 
device as well as the series resistance of the OPV devices.  As mentioned previously, this 
may be due to different crystallization status of TiOx, such as amorphous or anatase. On 
the other hand, the changes of RP and RS can be resulted from the different phase 
structure in P3HT:PC61BM heterojunction layer which is spin-coated on top of the TiOx 
layer. Ye et al. reported that anatase TiOx is more hydrophilic than amorphous TiOx, and 
thus enhance the vertical phase separation of the heterojunction layer with more of the 
fullerene phase, which is more hydrophilic than P3HT.[13, 188, 189] Eventually, the 
reduction in the series resistance and increase in the shunt resistance with increasing film 
thickness shows that 3 nm thick films are the most optimal for the range ultrathin TiOx 
layers tested in this study.  
In summary, the inverted OPV device with less than 10 nm thick TiOx film as a 
hole-blocking layer provides excellent photovoltaic performance, comparable to that 
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observed with solution-processed ZnO or TiOx films of much greater thickness, and CVD 
deposited TiOx films that were ca. 10 times thicker than these PE-ALD films.  Even with 
0.5 nm thick PE-ALD TiOx films, the PCE of these OPV devices was 2.7%, much thinner 
than previous OPV studies using TiOx films ranging from 6 nm to 100 nm.[81-84, 147, 149] 
Considering the potential disadvantage of long deposition times for some ALD processes, 
0.5 nm thick, (only 10 ALD cycles) TiOx films, with good uniformity on a variety of 
electrical contacts, would appear to be extremely advantageous, and might also provide 
enhanced environmental stability for films such as ZnO, or other hydrolytically unstable 
semiconductor systems.[61, 167] 
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Figure 4.21 J-V characteristics of fabricated organic photovoltaic cells with various TiOx 
hole-blocking layer thicknesses: (a) 0.5 nm TiOx, (b) 1 nm TiOx, (c) 3 nm TiOx, and (d) 
10 nm TiOx. 
 
Table 4.4 Summary of J-V characteristics for P3HT:PC61BM photovoltaics with various 






















0.5 -9.24 ± 0.04 0.612 ± 0.01 0.48 ± 0.01 2.70 ± 0.09 0.4 ± 0.1 19 ± 2 10 ± 2 
1 -9.66 ± 0.29 0.623 ± 0.003 0.47 ± 0.01 2.86 ± 0.10 1 ± 1 16 ± 1 8 ± 2 
3 -9.26 ± 0.21 0.623 ± 0.003 0.51 ± 0.02 2.98 ± 0.04 3 ± 2 15 ± 2 1.9 ± 0.7 
10 -8.97 ± 0.09 0.615 ± 0.002 0.50 ± 0.01 2.73± 0.06 2 ± 0.7 9 ± 1 3.1 ± 1.0 
a)Shunt resistance (RP) is estimated from the inverted slope of J–V curves at -1 V; b)Series 
resistance (RS) is estimated from the inverted slope of light J–V curves at +1; c)Ideality factor(n) is 














































































































This work has demonstrated the hole blocking properties of ultrathin TiOx films 
deposited using PE-ALD process. Even with 0.5 nm thick TiOx films, these layers have 
shown the ability to form conformal, pin-hole-free films (as revealed electrochemically) 
and charge selective and rectifying contacts that produce high current density in TiOx/p-
type Si heterojunction diode device, and noticeable photovoltaic efficiency, 2.98%, in an 
inverted OPV device with P3HT:PCBM active layer. While TiOx is known to more 
resistive than ZnO, it is possible to reduce the thickness in order to address the series 
resistance of the contact while maintaining hole blocking capability. Also, in this 
thickness region (<10 nm), the chemical composition, crystal structure, and electrical 
properties are dependent on the film thickness, and which affect the overall OPV device 
performance. Moreover, previous studies have shown that TiOx is more environmentally 
stable than ZnO.  Thus, TiOx electrodes with such ultrathin layers may be used as more 
stable contacts in devices such as OPV, perovskites, and other thin film photovoltaics 
where the environmental stability of the contact may impact overall device reliability.   
In addition to these results, for further understand of charge transfer behavior in 
the ultrathin ALD TiOx layers of OPV devices, it is recommend to investigate the charge 
lifetimes in the TiOx layer by means such as transient photovoltaic analysis.  
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CHAPTER 5  
STRUCTURAL ISSUES OF ALD BARRIER FILMS 
 
5.1 Introduction 
As mentioned in Chapter 2, barrier film packaging is mandatory to protect the 
organic electronics from the ingress of oxygen and moisture that leads to the degradation 
of device layers.[190-195] For high performance barrier films, ALD processed films are 
promising for their film properties such as low porosity, defects, and conformality.[43, 117-
119, 196] Metal oxide films such as Al2O3, TiOx, and ZrOx fabricated by ALD have gained 
interest as very effective water vapor barriers due to the dense and conformal coatings 
they form.[37, 132, 197, 198] These ALD barrier films, usually a few nanometers thick, have 
been grown in various combinations either as a monolithic barrier layer or in combination 
with other inorganic films such as plasma-enhanced chemical vapor deposition (PECVD) 
grown silicon nitride (SiNx) or as nanolaminates with other ALD metal oxides or polymer 
layers to create tortuous pathways to extend the lag time of the water vapor 
permeation.[190, 199-201] 
Films made by ALD have been shown to possess desired ultra-barrier properties 
(WVTR< 1x10-4 g/m2/day), but face challenges when directly grown onto device surfaces 
with varying composition and topography. On the other hand, even if the barrier film is 
fabricated on a separate polymer substrate for indirect packaging, ultrathin barrier films 
by ALD still encounter morphological surface defects on the polymer film such as anti-
blocking particles that are embed in polymer substrate and dust particles that are found 
during fabrication processes. The challenges in depositing barrier films on polymer 
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substrates or polymer films arise in the form of stress concentrations in the presence of 
particles as well as the coefficient of thermal expansion (CTE) mismatch and elastic 
constant mismatch between the barrier film and substrate that may impact the 
performance and reliability of the ALD barrier. The stress concentrations can cause 
localized cracking in the vicinity of defects that can allow for moisture and oxygen 
permeation and lead to failure of the device.[202, 203] Keuning et al. [200], studied the effect 
of particle contamination on the barrier performance of Al2O3 ALD films and SiNx/Al2O3 
hybrid films using electroluminescence measurements of OLEDs and determined that 
ALD films are more effective at conformally coating smaller defects but larger particles 
or defects remained either uncoated or localized stresses possibly resulted in cracking of 
the ALD film leading to moisture permeation. The presence of particle contamination 
was addressed through the use of polymer coating layers that are used to smooth over the 
particle defects prior to the deposition of the barrier film.[200, 201, 203, 204] Other groups have 
used multiple layers of PECVD SiNx and ALD Al2O3 layers in order to try to passivate 
defects, which has shown promise.[200] Finally, other groups have utilized multiple layers 
of PECVD SiNx and SiOx in order to create better barriers and it was found that films 
with lower intrinsic stresses worked better than films with higher intrinsic stresses.[205] Of 
these methods, the use of polymer layers can provide planarization of the sample and 
may be more desirable in protecting devices from subsequent deposition steps, especially 
those involving plasma processes during direct encapsulation processes. 
The use of polymer planarization layers also brings additional challenges in the 
form of mechanical reliability of the barrier films deposited on top of the polymers. 
Cordero et al.,[206] studied through numerical modeling the cracking modes in 
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inorganic/polymer/inorganic multilayer barrier films to determine the optimal structure to 
maximize the strain to failure. They found that the critical fracture strain increased as a 
function of the fracture energy of the polymer with all other parameters being equal. 
They found that there is an optimal thickness of the polymer interlayers to limit the 
driving forces for channel cracking in the inorganic layer. When the polymer interlayer is 
too thick, the inorganic layer is decoupled from the inorganic layer underneath the 
polymer and the critical strain to failure decreases.  Thus, thinner polymer interlayers will 
allow for increased constraint on the crack driving forces for channel cracking in 
inorganic layers. However, thin polymer layers may not be as effective in planarization 
and passivating any particle defects that can occur in device deposition.  Thus, these 
issues provide challenges in developing robust barrier films for direct deposition on 
planarized devices. Figure 5.1 (a) shows their results of critical strains of three crack 
opening cases which include a combination of channel cracks and tunnel cracks in 
inorganic layers sandwiched between organic layers as found in multilayer organic/ 
inorganic barrier films.  For the case of an ALD barrier film grown on a polymer 
substrate, Figure 5.1 shows us from case (a) that the normalized critical strain to failure 
decreases as the ratio of the polymer to inorganic film thickness increases.  Since ALD 
films are thin (~10 nm), even thin polymer films on the order of 100 nm are expected to 
lower the critical strain in ALD barrier films.  However, this is a numerical study, but the 
effect has not been observed experimentally and methods to improve the critical strain in 
ALD barriers have not been explored based on this fracture mechanics approach. 
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Figure 5.1 Normalized critical strain as a function of the normalized thickness of the 
organic layer for cracks in inorganic layers. (a) A channel crack in the top inorganic 
layer, (b) a channel crack in the top inorganic layer and a propagating tunnel crack in the 
bottom inorganic layer, and (c) a propagating channel crack in the top inorganic layer and 
a propagating tunnel crack in the bottom inorganic layer sandwiched between organic 
layers. Adapted from reference [206]. 
 
In this chapter, the barrier performance of ALD Al2O3/HfOx nanolaminate films 
deposited on polymer coated glass substrates was studied using an optical calcium 
corrosion test. Since the hydrolytic instability of a monolithic Al2O3 film was shown in 
the Chapter 3, Al2O3/HfOx nanolaminates are chosen as a barrier film to utilize the 
multilayer architecture for tortuous diffusion pathway as well as the water stability of 
HfOx.[104, 106, 207] The barriers are built on top of a CYTOP (CTL-809M, Asahi Glass 
Company) layer, which is a hydrophobic amorphous fluorinated polymer. The effect of 
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the thickness of CYTOP polymer planarization on barrier performance was investigated 
in terms of passivating particle-assisted defects in the ALD barrier films. All barriers 
were tested at 50°C/85% relative humidity (RH) and their qualitative performance 
analyzed based upon the degradation in calcium sensor area.  
 
5.2 Experimental 
First, calcium sensor samples were prepared to investigate the ALD nanolaminate 
barrier films. In order to investigate the effect of the polymer planarization layer, a 
fluorinated polymer (CYTOP) was coated on top of calcium sensors with various 
thickness: 40 nm, 200 nm, 780 nm, 1000 nm, and 4300 nm. Afterwards, ALD 
nanolaminate barrier films were deposited on top of the CYTOP layer. Figure 5.2 shows 
the schematic of calcium corrosion test samples with the two barrier structures. In 
addition to optical imaging, scanning electron microscope (SEM) images were obtained 
using a Hitachi SU8230 FESEM with an energy-dispersive X-ray spectroscope (EDS) 
system, which was used to provide additional detail of defects found in the barrier films. 
Among the fabrication procedures, calcium layer deposition, CYTOP coating, ALD 
deposition were done in collaboration with the research group of Professor Bernard 
Kippelen at the Georgia Institute of Technology. 
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Figure 5.2 Structures of calcium corrosion test samples ALD barrier film deposited 
directly on a CYTOP layer. 
 
5.2.1 Sample fabrication 
5.2.1.1 Thermal evaporation of the calcium sensor layer 
For calcium deposition, thermal evaporation (EvoVac, Angstrom Engineering) 
was used in this work. In the thermal evaporation system, the substrates and source 
materials were loaded in a vacuum chamber below 10-7 Torr. Then, the source material 
contained in a crucible was heated up, and evaporated or sublimed. The evaporated Ca 
was deposited onto the substrate and the deposition rate was monitored using a quartz 
crystal microbalances and controlled by the heating power on the source crucible. The 
calcium was deposited with a deposition rate of 1.0 Å/s. The system was connected to a 
glove box (MBraun) in order to process the sample and begin the application of the 
barrier films without exposing the calcium to air.  
For the calcium corrosion test samples, 16 calcium squares were deposited 
through a shadow mask on top of detergent solvent cleaned 38 mm x 38 mm glass 
substrates as shown in Figure 5.4. Each calcium square sensor size was 5 mm x 5 mm 
and 100 nm-thick.  
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Figure 5.3 Thermal evaporation system (EvoVac, Angstrom Engineering) used for 
calcium deposition, which is installed in a glove box (MBraun). 
 
Figure 5.4 Calcium sensor layer fabricated using the thermal evaporation. 
5.2.1.2 Spin-coating of a smoothing layer 
Following Ca deposition, the samples were transported to a spin coater located 
within the glove box and coated with CYTOP as a smoothing layer; an amorphous 
fluoropolymer (CTL-809M, Asahi Glass Company). The CYTOP was mixed with the 
solvent (CT-SOLV180) and stirred for one hour at room temperature. The spin-coated 
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polymer films were cured at 100°C for 30 min. CYTOP films with six different 
thicknesses ranging from 40 nm to 4300 nm were produced by varying the mixing ratio 
of the CYTOP and the solvent. The thickness of the CYTOP films was determined by 
spin-coating the films on glass substrates and measured using spectroscopic ellipsometry 
(M-2000, J.A. Woollam) and a stylus profilometer (Dektak 6M, Veeco). 
5.2.1.3 ALD of barrier films 
Following the spin-coating of CYTOP, the substrates were transferred into a N2 
filled stainless steel canister that was sealed and quickly transported to the ALD chamber 
for barrier film deposition. The CYTOP films were found to protect the Ca squares from 
oxidizing in air for roughly 6 min, thus providing time for the transfer. The time taken for 
transporting the substrates in the N2 filled canister from the glove box to the start of pump 
down of the ALD chamber usually lasted less than 60 s.  
ALD films were deposited in a Savannah 100 thermal ALD system from 
Cambridge Nanotech Inc (Figure 5.5). Trimethylaluminum (TMA) was used as the 
Al2O3 precursor and tetrakis(dimethylamido) hafnium (TDMAH) as the HfOx precursor 
with water vapor (H2O) as the oxidizer for both cases and nitrogen (N2) as the purge gas. 
The growth rates for Al2O3 and HfOx were 1.1 Å/cycle and 1.27 Å/cycle on Si witness 
samples, respectively. All depositions were performed at 100°C, and the ALD chamber 
had a constant N2 flow at 20 sccm. For Al2O3 growth, the oxidation step was first 
performed by pulsing H2O for 0.015 s, followed by a 45 s wait time. TMA was pulsed 
next for 0.02 s followed by a 45 s wait time for a total of 90 s per cycle. For HfOx, the 
H2O oxidation step was performed with a 0.015 s pulse and 60 s wait time followed by a 
pulse of TDMAH for 0.4 s and a 60 s wait time for a total of 120 s. The nanolaminate 
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was produced by depositing 5 cycles of Al2O3 followed by a 45 s wait before depositing 5 
cycles of HfOx, repeated for a total of 20 dyads. Previous studies [208] showed that the 
ALD Al2O3 films on CYTOP suffer from a delay in the initiation of film growth due to  
the fluorinated polymer, with very little film growth after 100 cycles. The nucleation 
delay was found to be overcome (measured using XPS) with the deposition of a buffer 
layer of 200 ALD cycles of Al2O3 on top of the CYTOP prior to Al2O3/HfOx 
nanolaminate barriers.  
 
Figure 5.5 Savannah ALD system (Cambridge Nanotech). 
 
5.2.2 Optical calcium corrosion test 
In order to evaluate the barrier performance of barrier films, a calcium corrosion 
test was used, which is briefly introduced in Chapter 2. The calcium corrosion test 
utilizes the rapid reactivity of calcium metal with oxygen or water vapor to detect the 
presence of water vapor in its vicinity. The produced calcium oxide is transparent and 
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non-conductive, and can be detected either optically or electrically. When calcium meets 
oxygen or moisture, the following reactions occurs,[45, 128] 
 2Ca + O2  2CaO ( 5.1 ) 
 Ca + 2H2O  Ca(OH)2  + H2  ( 5.2 ) 
Therefore, by determining the remaining mass of metallic calcium in the test calcium 
layer, one can estimated how much moisture or oxygen has permeated through the barrier 
and reacted with the calcium.   
In this research, the barrier performance of the fabricated films were tested by using an 
optical calcium test, which evaluates the barrier by optically observing the calcium 
corrosion rate of samples encapsulated with test barrier films. For an accelerated test, 
fabricated calcium samples encapsulated with the barrier films were exposed to a 
controlled environment of 50°C/85% RH in an environmental chamber (Cincinnati Sub 
Zero MicroClimate System;  
Figure 5.6). The samples were taken out of the humidity chamber every 24 hours, 
and optical images were taken using a high-resolution flatbed photo scanner (Epson 
V600). The photo scanner was equipped with a white LED light source along with a 
charge-coupled device (CCD) image sensor and a white back reflector behind the 
samples.  The color images were acquired at 2400 dpi resolution without any color 
correction algorithm. Then, the images were converted into binary images and analyzed 
using MATLAB to determine the degraded calcium area. For binary image conversion, 
an intensity threshold value was determined by Otsu’s method using a MATLAB 
function.[209]  
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(a)    (b)  
Figure 5.6 (a) A benchtop environmental test chamber (MicroClimate, Cincinatti 
SubZero, Inc.). (b) Calcium test samples under testing in the environmental chamber. 
 
Figure 5.7 A flatbed photo scanner V800 (Epson). The calcium samples are mounted in a 
sample frame, and images were scanned while the sample is facing down (toward the 
image sensor). 
 
5.2.3 Film stress measurement (curvature method)  
The residual stress of the barrier films was measured using the wafer curvature 
method with the Stoney equation.[210, 211]
 
The wafer curvature method assumes that the 
film is very thin compared to the substrate and that the deformations are very small. The 
residual
 
stress of the film σf is then given by, 





































where ES is Young’s modulus of the substrate, Rfinal and Rinitial are the radii of curvature 
before and after film deposition, and ts and tf are the thicknesses of the substrate and the 
film, respectively. In this research, Rpost and Rpre of a 4 inch silicon wafer (500 µm thick) 
before and after film deposition, respectively, were measured using an optical stress 
measurement system (BowOptic 208) to evaluate the residual stress barrier films. 
 
5.3 Defect-related and mechanical issues of the barrier film fabrication 
5.3.1 Issue of particles in practical deposition process 
Figure 5.9 shows images of Ca films on glass coated with 200 nm CYTOP layers 
and the ALD nanolaminate before and after exposure to 50°C/85% RH for 10 days. 
Figure 5.9 (b) shows that there is local degradation of the Ca due to defects in the barrier 
films. Figure 5.9 (c) shows the image of one of the locally degraded regions where a 
particle can clearly be observed at the center of the pinhole. While the exact location of 
the particle within the multilayer stack may be hard to determine, it is very likely that the 
particle was located below the barrier film since EDS analysis showed the presence of Al 
and Hf on top of the particle.  However, as seen in Figure 5.9 (d), cracks can be observed 
around particles which are believed to provide the pathway for oxygen and moisture to 
enter through the barrier film.  The cracks are believed to be caused by stress 
concentrations around the particles which can cause the brittle ALD films to fracture.   
Stress measurement of ALD films deposited on 500 µm thick silicon wafers by a 
curvature method showed that the Al2O3 films had a tensile residual stress of 500 MPa on 
Si while HfOx had a residual compressive stress of -100 MPa.  Thus, the ALD film has a 
positive tensile stress that can contribute to crack formation and propagation.  However, 
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the cracking does not extend across the barrier film for two reasons.  First, the decay of 
the stress fields around the particle (or crack tip) with radial distance from the particle 
(Figure 5.8) reduces the crack driving force plus the constraint of the glass substrate felt 
through the thin polymer layer that also reduces the crack driving force.  
 
Figure 5.8 Crack tip stress fields in elastic material. For a crack of length 2a in an infinite 
plate of unit thickness under uniform tension, the direct stress component is given by 
K/√2, where K is the stress intensity factor. 
Based on linear elastic fracture mechanics, the strain energy release rate for 
channel cracks which form in the ALD layer is given by, 
 /00 =  1 2
- 3
( ∗
 ( 5.4 ) 
where Gss is the steady state strain energy release rate, Z is a dimensionless constant, σ is 
the residual or applied stress in the film, h is the film height, and 5∗ is the plane strain 
film modulus (5∗ = 5/(1 − 6)).  As shown by Huang et al.[212], Z is a function of the 
elastic mismatch (α) between the ALD film and polymer layer which is given by, 
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 ( 5.5 ) 
where 50∗ is the plane strain modulus of the substrate .  Based on the materials used for 
ALD barrier structures, α is approximately 0.98 which yields a Z value that approaches 
25 as the polymer layer thickness becomes large compared to the ALD layer 
thickness.[212]  Thus, the crack driving force or strain energy release rate increases with 
polymer layer thickness and with residual stress. Since the stress is elevated around the 
particles due to stress concentrations, it is expected that cracks will initiate around such 
defects, if the stress elevation is high.  Thus, only local cracking around particles is 
observed in the ALD barrier films on 200 nm thick CYTOP layers, leading to localized 
degradation in the Ca sensors around the particles which have cracked.  It can also be 
seen from Figure 5.9 (b) that in the region away from the particles, the Ca film appears 
to be well protected by the barrier film even after 10 days of 50°C/85% RH exposure. 
This undegraded Ca region accounts for the intrinsic protection offered by the ALD 
barrier films, whereas the radial growth of the locally degraded Ca is related to the 
permeation through the defects around the particles. Further investigation on these 




Figure 5.9 (a) Image of Ca films on glass coated with 200 nm of CYTOP polymer and 
the ALD Al2O3/HfOx nanolaminate. (b) Image of the sample after exposure to 50°C/85% 
RH for 10 days showing evidence of localized degradation (c) Microscope images 
showing the presence of a particle and the degradation of the Ca sensor in the vicinity of 
the particle. (d) SEM image of a particle defect, showing the presence of cracks in the 
vicinity of the particle. 
 
Optical microscopy and SEM imaging of the various particles showed that the 
particle sizes ranged from tens of nanometers to a few tens of microns.  However, not all 
of the particles are expected to actively participate in allowing localized permeation 
around the defects.  For the purpose of this study, the number of locally degraded spots in 
the Ca samples was used to track the impact of the polymer layer on alleviating the effect 
of particle defects from the deposition process.  Figure 5.10 plots the number density of 
particles observed in the calcium images as the CYTOP layer increases from 40 nm to 
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4300 nm. The number density of locally degraded spots in the Ca samples decreased, 
showing that thicker polymer layers are better at passivating the presence of particles 
which arise in the deposition process. The number density of active particles decreased 
from 80/cm2 to 5/cm2.  As expected, thicker smoothing layer contributes to reduce the 
particle-assisted defects in a barrier film as shown in Figure 5.11. While this is effective, 
it should be noted that full elimination of particles is desired and the practicality of 
achieving this will depend on the deposition systems used. 
 
Figure 5.10 Observed degraded calcium spots densities in a ALD films with various 
CYTOP layer thickness. 
 
Figure 5.11 Schematic illustration of the effect of a smoothing layer on particle 
coverage. (a) With a thin smoothing layer more defects can be caused by poor particle 









































5.3.2 Issue of film cracking 
While increasing the CYTOP film thickness appeared to reduce the impact of 
particles on localized degradation, the thicker polymer films led to an additional 
challenge where cracks appeared in the barriers. Figure 5.12 shows the images of ALD 
nanolaminate barriers on 200 nm, 780 nm, 1000 nm and 4300 nm thick CYTOP layers. 
Figure 5.12 (a), (b), (c), and (d) show the films immediately after ALD barrier deposition 
while Figure 5.12 (e), (f), (g), and (h) show the films after 24 hour exposure to 
50°C/85% RH. The barrier layers on the 780 – 4300 nm thick layers of CYTOP all 
showed the presence of localized degradation of Ca in the form of linear features.  These 
linear features were found to be due to channel cracks that formed in the ALD layer as 
seen in Figure 5.13.  It was found that these crack formed around particle defects in the 
barrier film, promoted by the stress concentration around the particles which provides a 
large crack driving force (Eq. (5.4)).  As proposed by the work of Cordero and Miller, the 
thicker polymer layers decoupled the barrier from the stiff glass substrate and is thus 
unable to constrain the channel crack propagation in the vicinity of particles, causing Z in 
Eq. (5.4) to increase.[206, 213] CYTOP has a modulus of 1.3 GPa [214] which is much lower 
than that of ALD Al2O3 or HfOx (effective modulus of ca. 200 GPa[215-217]). As a result, 
the compliant CYTOP is unable to constrain the channel cracks that occur in the ALD 
layer, resulting in a larger driving force with increasing polymer film thickness.  The 
formation of the crack appears more pronounced in the case of the thickest CYTOP film 
(4300 nm) as seen from Figure 5.13 (d) where the freshly deposited film started showing 
crack formation immediately after removal from the deposition chamber. Thus, while 
thicker polymer layers have benefits in reducing the number of particle defects, they 
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allow for larger crack driving forces in the ALD barrier film which results in poor 
performance of the barriers.   
 
Figure 5.12 ALD barrier films on calcium sensors on glass with various thicknesses of 
CYTOP polymer layers. Images a-d are as-made samples imaged immediately after 
barrier film deposition. Images e-h are samples imaged after 24 h at 50°C/85% RH where 
the Ca degradation along the crack defects are clearly visible for CYTOP layers greater 
than or equal to 780 nm. (It should be noted that samples with 40 nm of CYTOP did not 




Figure 5.13 (a) ALD barrier films with 1000 nm thick CYTOP coated with an 
Al2O3/HfOx nanolaminate showing the occurrence of cracks. (b) SEM image of the crack 
opening due to the residual tensile stress in the film (c) an optical image showing cracks 
initiating from a particle defect. 
 
5.4 Preventing cracks of ALD barrier films 
In order to address the issue of crack formation, we modified the barrier film 
architecture by introducing a 100 nm thick SiNx film deposited using PECVD in between 
the CYTOP and ALD layers as shown in Figure 5.14 to provide a constraint to fracture 




Figure 5.14 Structures of calcium corrosion test samples for a hybrid (ALD/PECVD) 
barrier film deposited on a CYTOP layer. 
 
5.4.1 Hybrid barrier film fabrication and characterization 
For the hybrid barrier film fabrication, PECVD (Oxford PECVD) was used prior 
to ALD deposition (Figure 5.2 (b)). PEALD allows industrial-scale deposition of good 
quality insulating films such as silicon oxide and silicon nitride with good adhesion.[218] 
One of the main advantages of PECVD is the availability of low temperature deposition 
compared to other chemical vapor deposition (CVD) methods, such as thermally driven 
CVD. While temperatures of only 250 °C or lower are sufficient for depositing films by 
PECVD, deposition temperatures of 700 °C to 900 °C are required to deposit similar 
films by thermal CVD. This lower temperature capability is very attractive for 
application of organic electronics (preferably below 100 °C, maximum limit ca. 130 




Table 5.1 Summary of PECVD deposition conditions for SiNx film fabrication. 
Parameter Value 
Temperature (°C) 100 
Chamber pressure (mTorr) 1000 
RF power (W) 20 
SiH4 flow rate (sccm) 12 
NH3 flow rate (sccm) 10 
He flow rate (sccm) 50 
N2 flow rate (sccm) 440 
 
 
Figure 5.15 Oxford PECVD system used to deposit SiNx films at a low temperature, 
100°C. 
The characterization procedures of the hybrid films are identical to the previous 
ALD nanolaminate work. Calcium corrosion was observed, and the residual stresses of 
SiNx films were evaluated in the manner by curvature method. 
5.4.2 Effects of hybrid configuration on the barrier film integrity 
The role of the PECVD films is primarily to provide a stiff layer to constrain the 
crack opening displacement and reduce the driving force for the propagation of channel 
cracks in the ALD layers. Moreover, the SiNx films were measured to have a residual 
compressive stress of -350 MPa using wafer curvature measurements, thus also helping 
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to compensate for the tensile residual stress in the ALD nanolaminate film.  As shown in 
Figure 5.16, the ALD layer on CYTOP with an elevated tensile residual stress near a 
particle can cause a crack to form due to the elevated crack driving forces.  For the films 
grown on SiNx, the modulus of the SiNx film (ca. 200 GPa)[219] and the compressive 
residual stress acts to create a film with a lower average stress in the vicinity of the ALD 
film.  Thus, energy for fracture and driving forces are expected to be reduced.   
Measurements of the Ca samples with a 200 nm CYTOP layer and 100 nm SiNx layer 
showed that the Ca film was completely degraded after 24 h of exposure to 50°C/85% 
RH.  Thus, the SiNx is not expected to contribute greatly to the resistance of water vapor 
permeation, but will contribute to the mechanical robustness of the barrier layers. 
 
 
Figure 5.16 (a) Depiction of the tensile stresses acting on a channel crack in an ALD 
barrier sample where the polymer layer offers little resistance to the crack opening 
displacement and crack driving force.  (b) Depiction of the stiff and compressively 
stressed SiNx acting to reduce the overall average stress in the vicinity of the ALD film 
and reduce the probability of cracking (as well as crack driving force). 
 
The benefit offered by the incorporation of PECVD SiNx films between the 
CYTOP layer and the ALD films is confirmed in Figure 5.17.  In hybrid barrier samples, 
the CYTOP layer thickness was varied from 200 – 4300 nm, capped with a 100 nm SiNx 
layer prior to the ALD deposition. None of the films showed the presence of cracks when 
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exposed to 50°C/85% RH. The beneficial influence of the SiNx layer is also very evident 
in Figure 5.18 where the normalized Ca area for each sample is plotted as a function of 
time with and without the PECVD SiNx layer. From Figure 5.18 (a), which presents data 
for samples of ALD barrier films without SiNx, samples with 4300 nm and 1000 nm 
CYTOP layers show a 30% and 18% degradation in Ca area after just 24 hours of testing, 
respectively.  Samples with 200 nm and 780 nm-thick CYTOP layers show slightly better 
performance with 7.5% and 2.5% degradation of the Ca films after 24 h, respectively. On 
the contrary, the samples of hybrid barrier (ALD + SiNx) showed negligible change in 
the Ca area after 500 h of exposure under the same conditions (Figure 5.18 (b)).  After 
240 h of exposure, these samples showed less than 5% degradation in Ca area for films of 
all CYTOP thicknesses. Figure 5.18 (b) demonstrates the benefit of using a stiff 
inorganic layer underneath the ALD barrier films that ensures mechanically robust barrier 
films that can better withstand processing induced stresses that will otherwise fail almost 
instantaneously after ALD barrier film deposition. As suggested by Eq. (5.4), the 
reduction in stress in the films, reducing film thickness, as well as reducing the 
dimensionless parameter Z appears to be the most important factors in reducing the crack 
driving forces in the barrier films.  To reduce Z requires a reduction in the elastic 
mismatch between the film and polymer layer which is not practical.  Thus, thin layers 
with low residual stresses may be the best method to creating low crack driving forces in 
the barriers.  Thus, stress engineering and limiting film thickness are options that should 
be considered in the design of mechanically robust barrier film. 
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Figure 5.17 Hybrid (ALD/PECVD) barrier films on calcium sensors showing the lack of 
crack formation after 500 h of exposure to 50°C/85% RH.  In contrast to ALD barrier 
films which do not have the SiNx layer, these films are more resistant to cracking and 




Figure 5.18 Degradation of the calcium sensor layers as a function of time for varying 
CYTOP film thicknesses for ALD and hybrid (PECVD/ALD) barrier films. 
 
5.5 Conclusion 
Particle contamination issues and stress effects are a significant challenge in 
developing ALD barrier. The use of thick polymer planarization layers to minimize 
particle-assisted defects is possible, but can lead to cracking in the ALD film due to stress 
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concentrations around the particles and the increased crack driving forces from the elastic 
mismatch between the ALD layer and the polymer layer. This becomes problematic in 
the use of Al2O3 ALD layers deposited by both thermal and plasma enhanced ALD at low 
temperatures (<100°C) since both techniques typically produce films with high tensile 
stresses.  It should be noted that the stress values in the film which lead to cracking can 
also arise from CTE mismatch and external loading.  In all cases, the crack driving force 
will be enhanced due to the elastic mismatch between the ALD layer and the polymer.  
Through this work we were able to demonstrate the increase in cracking of ALD films 
directly deposited onto CYTOP polymer layers for film thicknesses greater than 200 nm.  
Thus, the management of stress in barrier films containing ALD alumina or reducing the 
polymer layer thickness in order to reduce the coefficient Z (Eq. 5.4) must be considered 
if ALD alumina barriers will be deposited directly onto polymer planarization layers 
where particle defects are present. By inserting a compressively stressed SiNx layer into 
the barrier stack, it was possible to reduce the cracking in the ALD layer for the entire 
range of polymer thickness used in this study.   Thus, the use of the SiNx layer along with 
alumina containing ALD films is seen as a key component to producing more robust 




CHAPTER 6  
IMPROVED MEASUREMENTS OF WVTR OF ALD BARRIER 
FILMS 
6.1 Introduction 
Chapter 5 discussed the impact of defects in ALD barriers that can arise during 
the fabrication process due to mechanical and structural conditions such as CTE 
mismatch, elastic constant mismatch, and residual stresses around particles. In chapter 5, 
the barrier performance was qualitatively measured by an optical calcium corrosion test. 
However, the qualitative procedures employed in Chapter 5 accounts for only the defect-
related permeation that is observed as a transparent spot or feature in the calcium sensing 
layer.  No quantitative value of the permeation rate was given since the method employed 
(the global loss of Ca area) does not provide information the local permeation through 
defects or more importantly, the intrinsic value of permeation, which is the lowest value 
that can be achieved when the barrier film is fabricated ideally without external defects. 
Since both permeation mechanisms are present in the barrier (defect driven and intrinsic) 
the effective WVTR of a barrier film is higher than the intrinsic WVTR due to the 
presence of pinholes and macroscopic defects that arise during the manufacturing 
process.[44, 99, 220]  Thus, better knowledge of the different contributions from intrinsic 
permeation and defect permeation will enable better engineering of advanced 
ultrabarriers, placing the focus more on defect mitigation during manufacturing while 
improving the intrinsic quality of the barrier. 
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To measure the WVTR of high performance barrier films, Nisato et al. first 
introduced the calcium corrosion test, and the calcium test has been widely accepted due 
to its theoretically high sensitivity over other various measurement techniques introduced 
in Chapter 2.[45, 127] The evaluation procedures to determine the WVTR from calcium 
layer corrosion vary according to the test apparatus used in different studies. The optical 
calcium corrosion test measures the transparency increase of a calcium sensor layer[115, 
221] or the area increase of a fully oxidized calcium sensor layer,[118] which was used in 
Chapter 5. On the other hands, the electrical calcium corrosion test measures the 
conductance decrease of a calcium sensor layer due to the formation of calcium oxide as 
a result of the oxidation.[45, 222, 223] For both tests, a calcium testing sample should be 
prepared that is similar to a device structure packaged with a barrier films. 
Figure 6.1 illustrates devices packaged with a barrier coating either by direct 
encapsulation or by indirect encapsulation.[64] Direct encapsulation is a method where the 
barrier film is coated directly on top of a device, which was used in Chapter 5. Indirect 
encapsulation is a method where a barrier film is separately prepared on an independent 
substrate and then subsequently sealed over the device. In the latter case, the barrier film 
is attached using an edge sealant or an adhesive film.  
 
Figure 6.1 Two different approaches of barrier film encapsulation: (a) direct 
encapsulation where the barrier is grown on the device and (b) indirect encapsulation 
where the barrier is attached to the device using an adhesive layer. Pathways of the 
intrinsic film permeation and pinhole-driven permeation are illustrated with arrows. 
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In order to measure the WVTR of a barrier film, the device in Figure 6.1 is 
replaced with a calcium layer which corrodes in the presence of oxygen and water.[127, 223] 
Using the calcium corrosion test with a direct encapsulation barrier, Carcia et al., and 
Meyer et al. have reported WVTR values as low as 10-5 g/m2/day.[47, 190] However, these 
WVTR values were estimated with small sized samples (0.25-40 mm2) which measure 
very little area of the barrier film which may not be indicative of the distribution of 
defects or changes in barrier film quality across the size seen in an actual device. In 
optical tests, the reported WVTR values are estimated either only by evaluating the 
calcium layer thickness change in the pinhole-free area,[124, 224] or by measuring the area 
change in a fully degraded region in the calcium layer.[225] Therefore, neither of the 
methods can differentiate between the dominant permeation mechanisms in the barrier 
film (e.g., intrinsic permeation through a barrier or by defect-assisted local permeation). 
In an alternate configuration, the barrier film was tested with a gas space above the 
calcium sensor as shown in Figure 6.1 (b).  In this case, the measured value is always an 
effective WVTR since local transport through defects and intrinsic transport are diffused 
in the gas space above the sensors that smears out regions of high flux. However, the 
dominant permeation mechanism which contributes to the effective WVTR is not known 
from such experiments (intrinsic or defect related). Affinito et al., and Roberts et al., 
have studied theoretically the contribution of pinholes with different sizes for WVTR in 
an independent barrier film.[99, 226] However, experimental methods to determine the 
WVTR have not been widely developed and employed.  
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In addition to the investigation of permeation mechanism of a barrier film, the 
electrical calcium corrosion test is widely used to measure the effective WVTR for its 
advantages over the optical calcium test such as ready for automation and compatible for 
in situ measurement in an environmental chamber.[46, 128] Also, depending on the calcium 
sensor design, the sensitivity can be improved. For example, Reese et al. (Figure 6.2) 
introduced an aperture spacer to increase the ratio of a test barrier film area to a calcium 
sensor size, allowing increased sensitivity by improve the area over which the permeation 
is measured and then concentrated onto the sensor .[128, 227] However, the increased inner 
volume in the spacer delays the time for the measurement to reach steady state 
permeation as well as the absorption and desorption of moisture on the metal spacer can 
disturb the measurement. In addition, the challenge of the electrical calcium test 
apparatus still lies in reducing the side permeation that occurs at any bonded interface in 
the setup in Figure 6.2 which decreases measurement sensitivity.[227] Therefore, further 
improvement is recommended to establish a high resolution WVTR measurement 
technique. 
 
Figure 6.2 Calcium corrosion test cell with a spacer used to improve measurement 
sensitivity developed by the National Renewable Energy Laboratory. Adapted from 
reference [128]. 
 





Therefore, this chapter introduces WVTR measurement procedures that can 
evaluate intrinsic permeation and defect-assisted permeation independently using an 
optical calcium corrosion test. Also, the contribution of intrinsic permeation and defect-
assisted permeation will be measured with a hybrid barrier film structure that was found 
to be the best barrier film among the tested films in Chapter 5. In addition, for the 
continuous measurement of the effective WVTR values, an improved electrical calcium 
test apparatus is suggested that can reduces the side permeation error.  
6.2 Optical calcium corrosion test for defect-assisted WVTR measurement 
As previously described, the optical calcium corrosion test can visualize the 
defect-driven permeation, which is also observed in Chapter 5. In this section, the optical 
calcium test images is investigated in detail, and provides further information regarding 
the intrinsic permeation as well as the defect-driven permeation. 
6.2.1 Experimental 
Figure 6.3 shows the diagram of the calcium test sample used in this section that 
is the same structure used in Chapter 5. A 100 nm-thick calcium layer was deposited in 
the form of 16 square patterns (5 mm × 5 mm) on a 38 mm × 38 mm glass substrate using 
a thermal evaporator (EvoVac, Angstrom Engineering). The thickness of the calcium 
layer was controlled using a quartz crystal microbalance in situ. After that, a 200 nm 
polymer layer (CYTOP) was spin-coated on the calcium layer in a glove box. The 
purpose of the polymer layer was not only to provide a short-term barrier layer that 
prevents calcium degradation during sample transport from the glove box to the 
deposition system, but also to reduce pinholes in the barrier film that can be caused by 
contaminant particles as it shown in Chapter 5. The calcium deposition and CYTOP 
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coating were done in collaboration with the research group of Professor Bernard 
Kippelen at the Georgia Institute of Technology. 
Afterwards, the sample was transferred to a PECVD system (Oxford) using a 
vacuum canister, and 100 nm SiNx was deposited on top of the CYTOP layer at 100°C. 
After the PECVD deposition, a 20 nm Al2O3 layer was deposited by atomic layer 
deposition (ALD) followed by a 20 nm-thick ALD nanolaminate consisting of Al2O3 and 
HfOx, alternating every 5 cycles.  All ALD film growth was performed in a Savannah 
ALD system (Cambridge Nanotech) at 100°C. 
Directly-encapsulated calcium samples were placed in a humidity chamber 
(MicroClimate, Cincinnati SubZero) at 50°C and 85% RH.  Images of the samples were 
taken periodically in order to track the degradation of the calcium layer using a high-
resolution flatbed photo scanner (Epson V600), which was described in Chapter 5. The 
color sample images were taken at 2400 dpi resolution in reflection mode as shown in 
Figure 6.3 (b) without any color correction algorithm. Then, the images were converted 
into 256-level gray scale images and then binary images using MATLAB functions for 
further analysis to investigate the detail features of sample degradation. For binary image 




Figure 6.3 Schematic diagram of (a) the calcium degradation test sample and (b) the 
flatbed photo scanner used to scan the image of the Ca sample to determine changes in 
light transmission through the Ca and regions of localized defects. 
 
6.2.2 Observation of local degradation spots in optical calcium test 
First, the most obvious degradation behavior of the encapsulated calcium layer 
was the appearance of macro-sized local degradation spots as shown in Figure 6.4 (a), 
larger than the pixel size of the 2400 dpi image resolution, being 10.6 µm × 10.6 µm. 
These macro size local degradation spots were usually accompanied with a particle at the 
center of the spots. Figure 6.4 (b) shows a microscopic image of one of the local 
degradation spots, and the associated particle at its center. Thus, it appears to be clear that 
the local degradation spots arise from pinholes in the barrier film caused by the presence 
of macroscopic sized particles; much larger than the tens of nanometer-thick layers used 
in our test samples. Macroscopic particles can lead to the formation of pinholes in the 
barrier layer because of either residual stress concentration or poor barrier film coverage 
on the particle (Figure 6.4 (c)).[228] According to the classification of pore sizes by the 
International Union of Pure and Applied Chemistry (IUPAC),[229, 230] the pinhole defects 
can be classified as macropores ( > 50 nm) because the observed particle size is on the 
order of micrometers under a microscope as in Figure 6.4 (b).  Also, since the radial 
growth rate of the locally degraded Ca is directly related to the water vapor that is 
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transported through the pinhole defect, analyzing the growth of the spots will help to 
understand the water vapor permeation behavior through the defects. 
  
Figure 6.4 An example of pinhole local degradation of a Ca sensor due to the existence 
of particle defects. (a) A scanned image of the full 16 calcium square sample after 
degradation, (b) a zoomed in image of a local degradation spot, and (c) a cross-sectional 
diagram of devices showing localized high permeation in regions with defects. 
 
In addition to the local degradation spots, the images of a calcium sample 
displayed a change in intensity of the intact, or defect-free, calcium area as in Figure 6.5 
(c).  This intensity change is due to the uniform degradation of the calcium layer by water 
vapor permeation through the barrier film. In this case, the permeation occurs through 
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uniformly distributed sub-micron defects or porosity in the film. Thus, the reaction of 
calcium and permeated water vapor flowing through mesoscale porosity is not detectable 
with the resolution of the image, but manifests itself as a change in the intensity of the 
image. This change is usually reported in the literature as the intrinsic barrier film 
performance and the permeation through this region is assumed to be negligible in case of 
barrier films with macroscale defects as most people assume that local permeation around 
macroscale defects dominate the film response. Discrimination between the intrinsic 
permeation rate and the defect-assisted local permeation is critical to better understand 
the total or effective WVTR of barrier films and which permeation mechanism truly 
dominates the film behavior.  
The effective WVTR of the barrier film arises from both the flux through pinholes 
or defects and the intrinsic flux through the barrier film. In other words, the effective flux 
of gas permeation in a barrier film can be expressed as, 
  ( 6.1 )  
where Jeff is the effective flux of a barrier film, Dintrinsic is the molecular diffusivity of 
intrinsic film, C is the concentration of gas molecules, and Jpinhole is the flux through a 
pinhole. The evaluation of the defect assisted local WVTR and the intrinsic WVTR can 












Figure 6.5 Calcium sample image of a tested barrier film (CYTOP/100 nm SiNx/20 nm 
ALD/20 nm ALD nanolaminate) after 506 h at 50°C/85%RH condition. (a) Fresh 
calcium sample, (b) a scanned image of the calcium sample after 506 h of degradation, 
and (c) images showing the growth of selected local degradation spots over time. 
 
6.2.3 Defect assisted permeation 
As described previously, the calcium layer degrades locally due to permeation of 
water vapor through pinholes or defects in the barrier film, and the degradation appears 
as a light spot in the sample’s image; since calcium hydroxide is transparent optically 
allowing light to reflect from the white background. As seen in Figure 6.5 (c), the 
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calcium hydroxide spot size grows radially over time, suggesting that the permeated 
water vapor via the pinhole diffuses isotropically inside the layers under the barrier film. 
Figure 6.6 (a) shows calcium sample images after 506 h at 50°C/85%RH. From the 
images, local degradation spots that are independent from each other are selected. Then, 
the radius and the area of the selected spots are measured from the binary images using a 
feature extraction function of MATLAB, and plotted in Figure 6.6 (b) and (c), 
respectively. Differences in pinhole size lead to a large variance in the growth rate 
between calcium hydroxide spots. However, the temporal evolution of the spot radii 
displays a similar functional dependence over time, while the area of each spot increases 




(b) (c)  
Figure 6.6 Growth of local degradation spots over time: (a) Local degradation spots 
chosen from the 16 Ca sensors, (b) Change in the radius of the selected local degradation 
spots versus time, and (c) Change in area of the selected local degradation spots versus 
time. 
From the experimental results, it is reasonable to consider that the growth of 
calcium hydroxide spot is due to a radial diffusion process of water vapor inside the 
underlying layer, modeled through a 1-dimensional radial diffusion equation, 
   ( 6.2 ) 
where t is time and r is the radial position[231] as shown in Figure 6.7 (a). This model has 
a semi-infinite boundary condition that C=0 as r goes infinity, but the other boundary 
condition at r=0 is not clear. If the boundary condition is a constant concentration, C=C0 
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at r=0, Eq. (6.2) is solvable using the separation of variable method, and the solution of 
Eq. (6.2) is expressed by Bessel functions,  
  ( 6.3 ) 
whereas if the boundary condition is a constant total flux condition, Q=Q0 at r=r0, Eq. 
(6.2) is solvable using a similarity function, and the solution is 
  ( 6.4 ) 
where the similarity function, , is defined as . 
From the solutions for both cases, Figure 6.7 (b) and (c) plots the contour profiles 
of the concentration with r versus t for both boundary condition, respectively. Even if the 
constants such as D, C0, Q0, and r0 were arbitrarily selected, Figure 6.7 (b) and (c) 
clearly show the difference of the profiles over time because of the different boundary 
condition. In case of constant concentration condition at the pinhole, the diffusion rate 
decreases more rapidly than the case of constant flux condition at the pinhole over time. 
Between the two conditions, it is apparent that the solution with a constant total flux 
boundary condition (Figure 6.7 (c)) coincides with the radial growth profiles from the 
experimental results (Figure 6.6 (b)). Knowing that the spot area corresponds to the 
amount of water vapor in a calcium test and the growth rate of the spot area is constant, 
these modeling results suggest that the local degradation follows a radial diffusion 
process with a constant total flux condition. In other words, the permeation rate through a 
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(a)  
(b)     (c)  
Figure 6.7 A 1D axisymmetric diffusion model of water vapor permeation inside the 
underlying layers: (a) a diffusion model diagram with a quarter symmetry image of a 
local degradation spot, (b) The concentration contour plot on radius vs. time plane with a 
constant concentration boundary condition at the center (C=C0 at r=0), and (c) The 
concentration profile on radius vs. time plane with a constant total flux boundary 
condition, Q=Q0 at r=r0. 
 
6.2.4 Intrinsic film permeation 
In addition to the defect assisted local degradation, the calcium layer appears to 
degrade uniformly in absence of local pinhole defect, as seen in Figure 6.5 (c). The 
uniform calcium degradation appears as a transparency change of the intact calcium 
layer. If we assume that the calcium oxidation progresses uniformly, forming a calcium 
hydroxide layer on the top of the calcium layer, the remaining calcium thickness can be 
determined from the transparency of the calcium layer.  
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The transparency of the calcium layer in a pinhole-free area is evaluated through 
the following procedure. From an original image (Figure 6.8 (a)), the pinhole-free area is 
selected from an intensity threshold value determined by Otsu’s method.[209]  In Figure 
6.8 (b) plots the histogram of the original image with the threshold value (red vertical 
line) and in Figure 6.8 (c) shows the selected intact calcium area as white color in a 
binary image. Referring to the binary image, the original intensity of the pixels that are 
within the selected defect-free area is averaged. Afterwards, the transparency and the 
thickness of the remaining calcium layer is determined from the average pixel intensity 


















α−==≈  ( 6.5 ) 
where ICa_area, Ibackground, and Isource are the intensity of selected calcium area, background 
area, and the light source. T is the transparency of each layer, Rback is the reflectance of 
the white back reflector, and αCa and hCa are the attenuation coefficient and the thickness 
of a calcium layer, respectively. Since αCa is a function of wavelength, it is difficult to 
calculate the representative value without knowing the spectrum of the incident light on 
the calcium layer. Instead, an effective αCa is estimated using the calcium transparency of 
the first image (t=0) with the assumption that the thickness of calcium layer is 100 nm as 
deposited. Finally, in Figure 6.8 (d) plots the average pixel intensity and the estimated 
calcium thickness versus time. The calcium thickness decreases linearly up to 500 hours 




Figure 6.8 Uniform degradation of the calcium layer and the evaluation of the 
degradation. (a) An original sample image after 506 hours at 50°C/85% RH, (b) 
histogram of the original image with a threshold value (orange vertical line), (c) intact 
calcium region, selected using the threshold value, and (d) average intensity change of 
the intact calcium area over time. 
 
6.2.5 Overall permeation 
The WVTR of a barrier film is estimated from the amount of calcium degradation 
that was analyzed previously for the two permeation pathways; defect assisted local 
degradation and intrinsic permeation.  If we assume that the permeated water vapor has 
reacted with calcium, the WVTR for each permeation pathway through the barrier film 
can be estimated from the degree of calcium degradation. For a defect assisted local 
permeation, the amount of water vapor that permeates is proportional to the mass of 
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calcium layer that reacts with water, which is measurable from the area of local 
degradation spot in the scanned image. Therefore, the water vapor transport rate for a 
single spot is,  
 
  ( 6.6 ) 
where Mwater and MCa are the molecular weight of water (18.02 g/mol) and calcium (40.1 
g/mol), respectively, ρCa and hCa are the density (1.55 g/cm3) and the thickness of the 
calcium layer (100 nm), respectively. Thus, WVTR of all spots per area is the summation 





where Abarrier,0 is the area of the barrier film (415 mm2), and N is the number of spots. The 
total area growth rate of all the spots in the sample is calculated by finding the total spot 
area changes from whole binary images instead of accounting individual defect spots, and 
is found to be 0.145 mm2/day. The average and the standard deviation of the area growth 
rate of the spots in the 16 calcium squares are shown to be 9.1×10-3 mm2/day and 
1.53×10-2 mm2/day, respectively. Since defects are distributed randomly on several 
calcium squares in the sample, the standard deviation is relatively large. The total area 
growth rate results in the WVTRdefect being 4.84×10-5 g/m2/day using Eq. (6.7). 
In addition, intrinsic WVTR of the barrier film is proportional to the rate of 
thickness decrease of the calcium layer, and is expressed as  
  ( 6.8 ) 
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where ACa and Abarrier are equal when a barrier film is directly deposited. The rate of 
thickness decrease of the tested calcium samples was found as -0.102 nm/day using the 
slope of in Figure 6.8 (d), and the WVTRintrinsic is calculated as 1.41×10-4 g/m2/day using 
Eq. (6.8). 
Finally, the effective WVTR of a barrier film is the summation of the two WVTR 
values, Eq. (6.7) and Eq. (6.8). 
   ( 6.9 ) 
Using Eq. (6.9) and the previous results of the calcium degradation analysis, the effective 
WVTR of the tested barrier film was calculated as 1.89×10-4 g/m2/day at 50°C/85%RH. 
As a result, the intrinsic permeation rate contributes ca. 3 times more to the effective 
WVTR than the defect assisted local permeation rate in the tested barrier film. However, 
since the defect assisted WVTR is dependent on the defect density in a given barrier film, 
the ratio is also dependent on the conditions of barrier film fabrication process, such as 
handling and cleanness of the environment. For example, an inferior barrier film (Figure 
6.4 (a)) that was prepared in uncontrolled environments shows much higher defect 
density than the tested barrier film (Figure 6.5 (b)), and the contribution of the defect 
assisted WVTR is more dominant than the intrinsic film permeation in the inferior barrier 
film. 
6.2.6 Section summary 
By studying the contributions to WVTR from the intrinsic and defect driven 
permeation pathways, a better understanding of the effective WVTR of a barrier film can 
be obtained. By employing optical calcium corrosion test, it is possible to observe the 
results of these two permeation mechanisms independently. The defect-assisted WVTR 
intrinsicdefecteff WVTRWVTRWVTR +=
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was estimated from the area growth rate of local calcium degradation spots, and the 
continuous layer intrinsic barrier film WVTR was evaluated from the transparency 
change rate of the intact calcium area. Comparing the area growth rate of the local 
degradation spot with a cylindrical diffusion model, it was found that the WVTR though 
a pinhole is constant with a negligible lag time. Since the defect-assisted WVTR is 
dependent on the size of the pinholes and the number density of pinholes in a barrier film, 
they can contribute a significant amount to the overall permeation, if they are not 
controlled during the fabrication process.  For low defect densities, as shown in this 
study, the WVTR is dominated by the intrinsic permeation through the barrier film.  
Thus, efforts to reduce the WVTR should focus on improving the intrinsic properties of 
the barrier.  In addition, local defects should be reduced in order to prevent local 
degradation of devices in the vicinity of defects.  However, other methods such as 
multilayer films or the use of getters may help address these issues. 
 
6.3 Electrical calcium corrosion test for the effective WVTR measurement 
As seen previously in Figure 6.1, devices can be packaged by direct barrier 
deposition or by indirectly using separate barrier films and a method using optical Ca 
testing was used to help determine intrinsic and pinhole driving permeation in direct 
encapsulation barriers. In the case of indirect encapsulation, the effective WVTR of the 
individual barrier film can be measured using an electrical calcium corrosion test.[45, 128] 
Figure 6.9 illustrates a simplified calcium corrosion cell to test indirect barrier films and 
possible permeation pathways with the cells. In an electrical calcium test, there is no 
method to distinguish between defect assisted and intrinsic permeation since the electrical 
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measurement is sensitive only to changes in resistance of the Ca layer regardless of the 
mechanism for its change. The assumption is made that the degradation progresses from 
the top of the calcium layer, corroding the Ca layer uniformly over time such that the Ca 
layer thins, but a real shape stays the same (Figure 6.9). By measuring the conductivity 
of the calcium layer, the mass of reacted or degraded calcium can be evaluated from the 
conductivity change of the calcium layer with the calcium conductivity (ρCa) and density 
(δCa) using the Ohm’s Law. After that, the WVTR is calculated from the rate of Ca 
degradation determined by the rate of change in electrical conductance using the reaction 
ration of calcium and water (n), molecular weight of water (Mwater) and calcium (MCa) 
with the following equation, [45] 
 
,
 ( 6.10 ) 
where AreaCa is the top surface area of calcium layer, Areawindow is the permeation 
window area of a barrier film, h is the height of degraded calcium layer, R is measured 
calcium layer resistance, and l and w are the calcium layer channel length and width, 
respectively. 
 

































In order to test the effective WVTR values of individual barrier films, the indirect 
encapsulation method (Figure 6.1 (b)) should be used to prepare calcium test samples 
since water vapor that permeates through the local defects or intrinsically through the 
layer will be spread out by the gaseous layer over the Ca sample. However, if the side 
sealing is poor, then the WVTR measurement can be dominated by the permeation 
through the side sealing (Figure 6.9), resulting in higher WVTR values. Figure 6.10 
shows a long-term test of the sealing material to investigate the side permeation through 
the sealant. As seen in the figure, apparent side permeation was observed through the 
sealant for a long-term test. As a different approach to identify the side permeation, 
samples in Figure 6.11 use ‘L’-shape Ca makers at the corners of the sealant, which can 
indicate whether the side permeation occurs during the test. Figure 6.11 shows the 
calcium sensor in case A was more quickly degraded than case B. Observing the L 
marker is degraded in case A while the maker in case B is fine, side permeation 
contributed the calcium sensor degradation, and which prohibits the accurate 
measurement of the WVTR of a test barrier film. Therefore, the side permeation should 
be suppressed by means of desiccants as well as should be identified whether the side 
permeation affects the WVTR measurement. 
 
Figure 6.10 Side permeation test of the sealant material (PVS101, ADCO). Calcium was 
encapsulated with a glass lid using the sealant, and degradation from the sample 
boundary was observed due to the side permeation. Adapted from reference [232] . 
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Figure 6.11 Calcium corrosion test with barrier films. 'L'-shape calcium marker was 
embedded under the side sealant, the marker degraded due to the improper edge sealing 
procedure. 
Also, the electrical measurement can be an issue when it is tested at high humidity 
condition such that electrode corrosion used to make contact with the Ca layer and the 
testing equipment can become an issue. Therefore, the issues will arise in resistance 
measurements needed to sense the Ca degradation as well as from side permeation 
through the edge sealant in the calcium corrosion test which must be resolved in order to 
achieve a truly high resolution measurement. 
6.3.1 Experimental 
In order to achieve a highly sensitive calcium corrosion sensor, the calcium test 
configuration has been redesigned in order to improve upon previous configurations used 
in other studies.[58, 233] The goal of the improved design is to improve the accuracy of 
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calcium conductance measurement and to minimize the side permeation of the calcium 
test sample. The distinctive features of the new configuration are in the followings. 
 
• 2 calcium sensors for measurement reliability (Figure 6.12 (a)) 
• 4 point probing configuration for the accurate measurement of calcium conductance 
without the effects of contact and wire resistance. (Figure 6.12 (b)) 
• Boundary check line to detect the test failure by the side permeation  (Figure 6.12 (c)) 
• Double side sealants to suppress the side permeation (Figure 6.12 (d),(f)) 
• Simple electrode connection using a standard card-edge connector (Figure 6.12 (b)) 
• Embedded desiccant that can reduce or eliminate the side permeation (Figure 6.12 (e)) 
• Large ratio (7.4) of the permeation window area (Areawindow) and the calcium sensor 




Figure 6.12 Design steps to achieve a high sensitive calcium sensor that is resistance to 
the side permeation: (a) dual calcium sensor layer, (b) 4 wire Au probing, card edge 
compatible connection pads, (c) side permeation detecting check line, (d) inner side seal, 
(e) interim desiccant, and (f) outer side seal. 
 
Figure 6.13 illustrates the final design of calcium test sample for the electrical 
calcium corrosion test.  In this section, the fabrication procedures of the improved 
calcium sensor are described, and the measurement set up and the fabricated calcium 




Figure 6.13 Schematic of an improved sample design for electrical calcium corrosion 
test. 
 
6.3.1.1 E-beam evaporation 
For the deposition of electrode layers, E-beam evaporation (Denton Explorer, 
Denton) was used for chromium (Cr) and gold (Au) deposition (Figure 6.14 (a)). Similar 
to the thermal evaporation, target material is evaporated and is deposited on a substrate 
through a shadow mask. For the fabrication of calcium sensor devices, 38 mm x 38 mm 
glass substrates were solvent-cleaned using acetone and IPA with sonication for each 10 
min, and rinsed with DI water. Then, the substrates were dried on a hot plate for 5 min at 
120°C to remove residual moisture that may reduce the adhesion strength of the metallic 
layers on glass. Afterwards, 20 nm chromium and 100 nm thick gold layers were 
deposited with the shadow masks. The chamber pressure was pumped down to 10-6 Torr 
before the deposition using a cryogenic pump. The deposition rates for both films were 
both 1 Å/s, controlled by in situ QCM and the controller. A shadow mask (Figure 6.14 
(b)) was made using the patterns illustrated in red color in Figure 6.13 (right). 
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(a)    (b)  
Figure 6.14 (a) Denton E-beam evaporation system for depositing Ca layers. (b) A 
shadow mask used to fabricate electrode patterns of Cr/Au layers. 
6.3.1.2 Calcium sensor layer deposition 
The Ca sensor layer was deposited using a thermal evaporation system (Specros, 
Kurt J. Lesker) in collaboration with the research group of Professor Bernard Kippelen at 
the Georgia Institute of Technology (Figure 6.15). A 100 nm thick calcium layer was 
deposited on the previous substrates with a shadow mask for patterning (green area in 
Figure 6.13 right). The chamber pressure was below 10-7 Torr, and the deposition rate 
was 1 Å/s. 
(a)    (b)  
Figure 6.15 (a) Spectros thermal evaporation system (Kurt J. Lesker), which is installed 
in a glove box. (b) Four 38 mm x 38 mm samples mounted on a deposition holder with a 
shadow mask for calcium deposition. 
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6.3.1.3 Barrier encapsulation using a side sealant 
After the calcium sensor samples were deposited, barrier films deposited onto 
PET films were packaged on top of the calcium sensor using a side sealant (HelioSeal 
PVS 101, ADCO) as seen in Figure 6.13. The sealant is a thermoplastic material based 
on polyisobutylene with integrated desiccant. Since the calcium layer can oxidize even in 
a N2 glove box if the water and oxygen levels are too high (>10 ppm), the encapsulation 
procedure was performed as soon as the calcium deposition was completed..  
First, the side sealants were cut into 2 mm wide strips, and a liner film was peeled 
off from the sealants. Then, the sealant strips were applied on the calcium sensor samples 
one by one along with the boundary of the sealing as shown in black color in Figure 
6.13. Figure 6.16 shows the step-by-step procedures of placing sealant strips on a 
prepared a calcium sample. When placing the sealant strips, the sealing should not 
overlap to keep a consistent sealant thickness. Figure 6.17 (a) shows an improper 
example, and Figure 6.17 (b) shows appropriate alignments of the edge sealant. If the 
width of the sealants is wide enough to cover up the entire calcium samples, Figure 6.17 
(c) is also recommended to avoid inferior junctions at the corners. The samples were then 
heated up on a hot plate at 110°C for 10 min. Once the sealant was heated and softened, a 
test barrier film was placed gently with the coating side facing down onto the sealant. 
Afterward, the whole sample was heated again on the hot plate for 10 min, and pressed 
evenly. A special heat press can be used for the pressing step, but any small misalignment 
of the gap can results in the collapse of the samples. In addition, excessive pressure can 
leads to increased internal pressure in the air gap, which may induce mechanical stress in 
the barrier films. The pressure needed to make the samples should only be applied until 
the sealant adheres uniformly on both glass substrate and the barrier film, which is 
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apparent visually by the color change if their contact is complete. In Figure 6.18, the top 
sealant strip in shows the case when the sealant makes a partial contact between glass and 
the sealant, whereas the bottom strip completely contacts with glass showing the contact 
area as dark black.  
 
Figure 6.16 Sequence of applying the sealant strips by pieces 
 
 
Figure 6.17 Alignment of the ADCO side sealants using 4 strips. (a) Improper alignment 
due to overlapping, (b) proper alignment, and (c) recommend sealant preparation. 
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Figure 6.18 Examples of good and bad applications of side sealants. The top sealant strip 
contacts partially with glass, whereas the bottom sealant strip completely contacts with 
glass. 
 
6.3.1.4 WVTR measurement  
Once the encapsulation was completed, the samples were ready to measure to 
determine the effective WVTR. The calcium sensor conductance was measured using a 
data acquisition system (34970A, Agilent) with multiplexer modules (34901A, Agilent) 
The multiplexer was connected to a card edge (AMC10DRTH, Sullins Connector 
Solutions) for a single testing module with a multi-conductor (10 wires) cable. The body 
material of the card edge is thermal stable up to 130°C, and the pins are coated with gold, 
providing electrical stability in the humidity chamber. Figure 6.19 shows the data 
acquisition unit and the multiplexer module used in the measurement. Figure 6.20 also 
shows the details of wire connections with a single multiplexer module for 4 calcium 
samples. Since the data acquisition system can hold up to 3 multiplexer modules, a single 
system can measure up to 12 calcium samples at a time with 3 multiplexer modules. 
Finally, Figure 6.21 shows the electrical calcium corrosion test samples for the WVTR 
measurement in an environmental chamber. Figure 6.21 (b) shows a fabricated calcium 
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sensor sample encapsulated with a test barrier film that is inserted in a card edge for 
electrical measurement. 
 
(a)    (b)  




Figure 6.20 Configuration of the wiring of a single multiplexer module that can measure 




(a)   (b)    
Figure 6.21 Electrical WVTR measurement setup for multiple samples in an 
environmental chamber. (a) Multiple samples under testing, and (b) a fabricated calcium 
sample inserted in a card edge for the test. 
 
6.3.2 Results of the effective WVTR 
Before testing the barrier films, the sensitivity of the improved calcium test 
apparatus was investigated using a glass lid. Instead of barrier films, the calcium sensor 
sample was covered with a glass lid that is impermeable to water as shown in Figure 
6.22 (a).  The resistance change of the calcium sensor layers over time is plotted in 
Figure 6.22 at two temperature conditions: ambient lab conditions (25°C/35%RH) and at 
50°C/ 85%RH in a humidity chamber. As seen in the plot, no resistance increase was 
observed at room temperature conditions up to 16 days except the daily fluctuations due 
to the temperature change in the lab. In the meantime, the calcium sensor resistance 
increased from 2.95 Ω to 2.96 Ω for 8 days in the humidity chamber, which corresponds 
to a WVTR = 6×10-5 g/m2/day evaluated using Eq. (6.10). This increase was caused by 
the side permeation through the sealants material whose performance can decrease at 
high temperature due to its thermoplastic properties and/or deterioration of integrated 
desiccant of the sealants. Therefore, the improved calcium test configuration can measure 
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the WVTR values in the region below 1×10-5 g/m2/day at room temperature conditions, 
and minimum 6×10-5 g/m2/day at 50°C/85%RH conditions. 
 (a)  
(b)  
Figure 6.22. Minimum WVTR resolution test using a glass coverted control samples. (a) 
Schematic of the control samples covered with a glass lid, and (b) measured resistance of 
calcium sensor over time at two envrionmental conditions: room temperature in a lab, and 
50°C/85%RH in a humidity chamber. A WVTR = 6x 10-5 g/m2/day was observed due to 
the side permeation. 
Using the improved calcium test sensor, the WVTR of three types of ALD barrier 
films were measured. Al2O3, ZnO, and nanolaminate of Al2O3/ZnO barrier films are 
fabricated on 125 µm thick polyethylene terephthalate (PET, MELINEX ST-505 DuPont 
Teijin) substrates using PEALD (Fiji, Cambridge Nanotech) at 100°C. The fabricated 
barrier films were applied on the calcium sensors, and the WVTR values were evaluated 
using the calcium test at 50°C/85%RH conditions in the humidity chamber. Figure 6.23 
(a) shows a cross-section SEM image of Al2O3/ZnO nanolaminate films on a Si substrate, 
and Figure 6.23 (b) plots the conductance changes of calcium sensors for the three 
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barrier films. In results, the WVTR were estimated as 1.8×10-3 g/m2/day, 9.3×10-3 
g/m2/day, and 9.3×10-4 g/m2/day for Al2O3, ZnO, and nanolaminate barrier films, 
respectively (Table 6.1). As reported in other ALD laminate barrier films,[47] the 
nanolaminate configuration showed the best barrier performance among the three barrier 
films. 
(a)     
 (b)  
Figure 6.23 A) An SEM image of a nanolaminate Al2O3/ZnO barrier film and B) the 
conductance change of calcium sensors over time for an Al2O3, ZnO, and Al2O3/ZnO 
nanolaminate barriers. 
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Table 6.1 Measured effective WVTR of ALD barrier films prepared on PET substrates. 
Sample WVTR [g/m2/day] 
Al2O3 400 cycles ( ca. 50 nm) 1.8×10-3 
ZnO 400 cycles ( ca. 35 nm) 9.3×10-3 
8 bilayer Al2O3/ZnO nanolaminate  
(25 cycles for each layer, ca. 50 nm) 
9.3×10-4 
 
6.3.3 Section summary 
In this section, the electrical calcium corrosion test apparatus was redesigned in 
order to measure the WVTR of high performance barrier films for organic electronics, 
whose goal is below 1×10-6 g/m2/day.  The first advantage of the improved electrical 
calcium test setup is that the sensitivity of measurement was increased by accurate 
resistance measurement and increased barrier film and calcium sensor area ratio. The 
resistances of calcium sensors were measured by 4 point probing, which reduces parasite 
resistances due to wiring and contacts. Also, the ratio of permeation area of a barrier film 
to calcium sensor area increased from 1.6 to 7.4, increased the measurement sensitivity 
by 4.6 times. Secondly, side permeation issue was addressed by utilizing double side 
sealing and desiccant layer between the sealing. In addition, the moisture ingress through 
the side sealant is detectable with a boundary check line, enabling to determine seal 
failure.  
Throughout the diverse design changes, the redesigned calcium test sensor 
showed that it can measure the WVTR in the range of 1×10-5 g/m2/day at room 
temperature. At elevated temperature 50°C/85%RH, the side permeation affected the 
measurement, and showed a limitation of the WVTR value of 6×10-5 g/m2/day. While 
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this is in the range of ultrabarrier films, it is not as low as 1×10-6 g/m2/day as desired by 
some testing.  This can be done by incorporating some of our advancements with the 
larger sample area/Ca sensor area ratio shown by the group from the National Renewable 
Energy Laboratory as seen in Figure 6.2. 
Since the electrical measurement can be done automatically in situ in a humidity 
chamber as well as accommodates multiple samples, the improved calcium test is 
anticipated to be a good measurement technique to determine the effective WVTR of 
high performance barrier films. However, the encapsulation work with side sealants 
requires careful handling in order to fabricate proper testing samples without damaging 
the barrier films. Thus, the calcium fabrication procedure needs further improvements to 
prepare samples with less failure. 
 
6.4 Conclusion 
This chapter addressed two types of WVTR measurement techniques. One 
technique is an optical calcium corrosion test to investigate the intrinsic and defect-
assisted permeation separately. The other technique is an electrical calcium corrosion test 
to measure the extremely low WVTR values sensitively and continuously during an 
environmental testing.  
From the study of the calcium corrosion test, the contribution of defect-driven 
permeation and the intrinsic permeation on the effective WVTR were evaluated 
separately.  Also, the permeation rate in the defect-driven was found to be consistent over 
the time in the tested hybrid barrier film. These level of knowledge on the different 
contributions from intrinsic permeation and defect permeation will enable better 
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engineering of advanced ultrabarriers, placing the focus more on defect mitigation during 
manufacturing while improving the intrinsic quality of the barrier. 
In addition, the effective WVTR was measurable in the range of OLED barrier 
film requirement (<=10-5 g/m2/day) using the improved electrical calcium test. The 
electrical calcium test is beneficial when multiple samples need to be tested continuously 
and simultaneously at controllable environmental conditions, and thus it can be utilized 
for the test of high performance barrier films in the future. 
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CHAPTER 7  
CONCLUSION 
7.1 Summary and Conclusion 
The research in this dissertation has been conducted to investigate various aspects 
of ultrathin ALD films properties for the application of OPV device reliability. Since 
OPV devices are highly susceptible to degradation from environmental exposure to UV, 
heat, and water vapor or oxygen because of their intrinsic chemical reactivity, resolving 
the issue of the chemical reliability of OPV devices is a primary challenge for long term 
performance and the adoption of these devices. The issue can be mitigated by the use of 
intrinsically stable materials and by the use of barrier encapsulation that prevent the 
ingress water vapor or oxygen, which are deleterious to the performance of these devices. 
As a research contribution, this dissertation proposed the use of ALD grown thin films, 
which can produce high quality materials with excellent control over thickness in order to 
address two key weaknesses of OPV devices. These were namely the replacement of ZnO 
as an electron selective contact and the use of moisture stable ALD layers as barrier 
films.  However, to utilize ALD films as barrier films to OPV devices, an investigation of 
chemical stability, electrical properties, and gas barrier properties of thin ALD films was 
necessary, as well as the development of characterization methods for these properties. 
Therefore, this dissertation made original contributions by addressing the following 
major questions regarding the application of ALD films to OPV devices, 
• What ALD films are stable in the presence of moisture that can cause rapid 
degradation of OPV devices? What procedure is available to investigate ALD 
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stability, without using complex thin film characterization techniques that may 
require vacuum conditions or may be destructive? 
• Using ALD, is it possible to create an electron selective layer (ESL) usable to 
modify ITO while providing similar performance as ZnO, one of the most 
popular ESL contact materials used today? If so, what is this material, its 
properties, and how does it perform in OPV devices?  
• In the fabrication of high performance of barrier films using ALD, how can 
we better perform the measurements of water vapor transmission rate, and 
how do we resolve issues of localized defects that exist in the barrier films? 
 
To answer the above questions, various aspects of ALD film properties have been 
investigated thought out the dissertation. Important contributions from this work are: 
• Chapter 3 introduced a non-invasive stability testing procedure that can be 
performed at atmospheric pressure using a ZnO PL emission sensor method to 
screen ALD films for stability in water environments. Thin ALD Al2O3 used 
to cap ZnO sensors were found to be unstable when exposed to water whereas 
ALD TiOx, ZrOx, and HfOx capping layers performed well for up to 10 days 
in water. However, the method was found to be best as a qualitative 
measurement method and not quantitative.  Good correspondence between the 
degradation of PL signal and other surface science methods indicated the 
ability of the PL method to tell when a film had completely degraded.  Thus, 
the PL method provides a faster and reliable way of determining large 
degradation in the ALD materials while finer details of the material 
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degradation will require other forms of materials characterization such as 
ellipsometry, XPS, SEM, or TEM. 
• Chapter 4 investigated various electrical properties of ultrathin TiOx films 
with a target to replace ZnO as an ESL in an inverted OPV. Energy band 
structure, chemical composition, conductivity, and crystallinity of 0.5, 1, 3, 
and 10 nm thick ALD TiOx films grown at 250°C were analyzed.  The results 
show that it is possible to make rectifying contacts even with 0.5 nm thick 
TiOx films and that the performances of the films are highly dependent on the 
film thickness.  While it was thought that very thin films were needed to 
compensate for the high resistance of the TiOx, it was found that the 
performance of the films improved with increasing film thickness up to 3 nm 
and then degraded again once the films became thicker. The dip in 
performance as the film thickness increased above 3 nm was not due to the 
series resistance of the films as first hypothesized, but due to the reduced 
shunt resistance from the phase transformation of the TiOx from amorphous to 
anatase. These results were unexpected, but show the use of TiOx films has an 
optimal range of ca. 3 nm in film thickness when grown at 250°C, but most 
importantly, results show optimized film thickness relates directly to film 
structure and the quality of the surface coverage.   
• Chapter 5 conducted barrier film fabrication using nanolaminate ALD metal 
oxides. For the mitigation of particles found on devices during the direct 
deposition of ALD films, smoothing layers can be used. However, a thick 
smoothing layer, which is best at covering particles, can lead to cracking in 
 188
the ALD film due stress concentrations around the particles and the increase 
in crack driving forces. Therefore, stress engineering is necessary to eliminate 
cracking in the directly deposited ALD barriers. Using a fracture mechanics 
approach, we were able to insert a compressively stressed SiNx layer to 
compensate for the large tensile stresses in the ALD layer to reduce the 
magnitude of the stresses in the vicinity of the particles.  In addition, the SiNx 
layer acts to reduce crack driving forces.  It was observed that ALD 
nanolaminate films made on 100 nm thick SiNx layers did not show any 
cracking on perfluorinated polymer layers that were between 200 – 4300 nm 
thick.  Without this layer, some level of cracking in the vicinity of the 
particles was observed in all ALD nanolaminates made on the polymers. Since 
particles are unavoidable in large-scale film fabrication procedures such as 
roll-to-roll process, the strategies used in this study to resolve the particle and 
stress issues will contribute to enable particle-tolerant barrier films in the 
presence of particles that can originate from processing facilities and 
substrates.  
• Chapter 6 investigated the water vapor transmission rate (WVTR) of barrier 
films by calcium corrosion test. A new optical Ca corrosion test method was 
developed to determine for the first time the contribution of defect-assisted 
permeation and intrinsic permeation in barrier films. Such knowledge will 
allow for better focus in the development of new barriers, focusing on either 
defect mitigation or improving the intrinsic qualities of the films.  In addition, 
an improved electrical Ca test method for the effective WVTR was developed.  
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The key to the new technique is the ability to account for and reduce side 
permeation, which can reduce the sensitivity of the method. In addition, 
improved electrical calcium corrosion test can continuously measure the 
effective WVTR in situ in an environmental chamber test. 
 
Overall, it was found that ALD films have a great potential to impact these key 
areas of need for OPV, namely the production of more stable ESL contacts and the 
production of high quality barrier films. Due to the slow film growth rate of the ALD 
process, ALD films have not been preferred for manufacturing so far. However, recently 
introduced novel ALD processes, such as spatial ALD and atmospheric ALD, can reduce 
the cost and time for ALD film fabrication. In addition, as shown in this study, ALD 
requires film that are only a few nanometers thick to play their roles on device 
applications. Therefore, ALD has a great potential for manufacturing, and it can 
contribute to innovating or to tuning the properties of thin films independently or 
combined with conventional films for various applications. For this, the characterization 
of ultrathin ALD films is required, and this dissertation shows several aspects of ultrathin 
ALD films, including characterization methods and the results of the electrical and 
chemical properties of ultrathin films. While the results from this dissertation are in both 
the investigation of ALD films and the development of measurement methods to 
characterize them, continued efforts to explore them in actual device applications are 




7.2 Recommendations for future work 
7.2.1 Stability of a TiOx OPV device and barrier performance of ESL 
Chapters 3 and 4 investigated the chemical stability and electrical properties of 
ultrathin TiOx films for the use of an ESL layer in inverted OPV. However, the lifetime 
study of OPVs with ALD TiOx has not been conducted. To this point, TiOx layers have 
shown themselves to be more stable and have shown that layers around 3 nm are optimal 
for devices.  However, a full study showing the lifetime study of OPV devices using ZnO 
versus TiOx is warranted. 
Since ALD films have low defects and conformally coat surfaces, the use of ALD 
TiOx ESL on top ITO cathode electrodes may act to serve as an integrated barrier film 
and electron selective contact for organic photovoltaics as shown in Figure 7.1.[62, 63] At 
present, ITO coated polymer substrates and barrier film coated polymer substrates are 
produced independently, but have never been integrated together.  Thus, the use of TiOx 
ESL may reduce the gas permeation from ITO coated polymer films for flexible devices 
without an additional barrier layer, and help improve device stability. Therefore, it is 




Figure 7.1 Suggested integrated barrier/ESL in an inverted OPV device fabricated on 
polymer substrate. 
 
7.2.2 Ag NW TiOx electrode for flexible electrode 
One of the advantages of organic electronics is its potential to fabricate flexible 
devices. However, in the current structure, the bottom ITO electrode is brittle, and cannot 
provide the flexibility of the devices. As a flexible electrode, silver nanowire (Ag NW) is 
of interest due to its transparency, large scale processability, and mechanical reliability 
under strain.[234] However, silver is a high work function material, and thus needs an ESL 
to collect electrons in an inverted OPV. In the same manner as shown in chapter 4, the 
investigation of ALD TiOx coatings on Ag NW for the application of stable and flexible 
electrical contacts for OPV devices is recommended. 
 
7.2.3 Indirect encapsulation of complete devices using barrier films and adhesive 
Chapter 5 and 6 have investigated structural issues of gas barrier film fabrication, 
and introduced improved calcium corrosion tests to evaluate the barrier films. However, 
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the effects of barrier films on complete devices have not been shown. Recently, sensitive 
photovoltaic devices were provided from the research group of Professor Michael 
McGehee at Stanford University, and the preliminary device lifetime test was carried out 
with a barrier film encapsulation. The devices are perovskite solar cells, which is an 
inorganic/organic hybrid solar cell. 
Perovskite solar cell is an emerging solar cell device with much higher efficiency 
(ca. 18%) than OPV devices.[235-237] However, it also suffers environmental reliability 
issues due to the instability of the perovskite active layer, CH3NH3PbI3, to moisture.[238] 
In a dry argon environment, 500 h device stability have been reported,[239] but the devices 
are unstable in atmospheric conditions, in particularly under light illumination.[237] 
Therefore, the environmental stability of encapsulated perovskite solar cells should be 
investigated that are packaged ALD barrier films. Since the process compatibility of 
perovskite solar cells with vacuum deposition processes were not identified, indirect 
encapsulation were used in preliminary testing to package the devices.  
For indirect encapsulation, barrier films are fabricated on separate polymer 
substrates. PECVD/ALD hybrid barrier films were used in this research. As a substrate 
for the barrier film, 125 µm thick polyethylene naphthalate (PEN, Q65HA, Dupont) 
substrates were used. The PEN substrates came with protection liners on both sides and 
the top face was treated to create an ultra-smooth surface, which minimized the issue of 
particle defects. Instead of the Oxford PECVD system, a Unaxis PECVD system was 
used to fabricate SiNx layers because the films qualities of Unaxis PECVD films were 
proven better than Oxford PECVD with less defects (Figure 7.2 (a)). The PEN substrates 
with liners were precut using a laser (M-360, Universal Laser Systems) into 14 mm x 50 
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mm strips, and the precut PEN was mounted on a glass supporting substrate (50 mm x 75 
mm) using Kapton tape as seen Figure 7.2 (b) after peeling off the bottom liner. 
Following the removal of the top liner, 250 nm thick SiNx layer was deposited using the 
Unaxis PECVD system at 110°C. The detail parameters for PECVD process are tabulated 
in Table 7.1.  
Afterwards, ALD nanolaminate of Al2O3/HfOx layer was deposited using the 
PEALD system (Fiji, Cambridge Nanotech) at 100°C. The ALD nanolaminate layer 
consists of 20 bilayers of 2 Al2O3 cycles and 5 HfOx cycles. The deposition parameters 
for each material cycle are tabulated in Table 3.2. The prepared barrier films were then 
transferred into a N2 glove box (MBraun), and stored for at least 3 days for complete 
drying. All of the procedures were carried out in a glove box to avoid any moisture 
exposure of barrier films and devices. 
 (a)    (b)  
Figure 7.2 (a) Unaxis PECVD system used to deposit SiNx films at low temperature, 
110°C. (b) Hybrid (PECVD/PEALD) barrier films prepared on PEN substrates with 50 
mm x 75 mm a glass supporting substrate. 
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Table 7.1 Summary of PECVD deposition conditions for SiNx film fabrication. 
Parameter Value 
Temperature (°C) 110 
Chamber pressure (mTorr) 900 
RF power (W) 30 
SiH4 flow rate (sccm) 200 
NH3 flow rate (sccm) 14 
He flow rate (sccm) 560 
N2 flow rate (sccm) 720 
 
The fabricated barrier films were then applied on devices using transparent UV-
curable barrier tape (Tesa 61500, Tesa Tape, Inc.). The adhesive tape is developed for 
barrier encapsulation and can be laminated to seal devices with barrier films. As seen in 
Figure 7.3, first, the adhesive tape was laminated on the prepared barrier strips after 
removing a front transparent liner in a N2-filled glove box. Then, a metal back liner was 
peeled off, and UV light was exposed on the adhesive/barrier strips for 45 s using the UV 
flood system (ELC-4001, Electro-Lite), which initiates slow curing of adhesive tapes.  
 
Figure 7.3 Adhesive lamination procedures on barrier films using a soft rubber roller. 
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To encapsulate devices, the prepared adhesive/barrier strips were cut into 
individual pieces along the precut lines using a razor blade. Then, each strip was 
laminated onto devices in the same manner using a soft rubber roller, and excessive parts 




Figure 7.4 Indirect encapsulation of devices using a separate barrier film. A barrier film 
is prepared on a separate substrate and applied on a solar cell device. 
 
The environmental reliability of devices was tested by periodically measuring 
photovoltaic performance of the devices after the exposure to the environmental 
conditions (Figure 7.5). Current density–voltage (J–V) characteristics were measured 
inside a N2-filled glove box by using a source meter (2400, Keithley Instruments) 
controlled by a LabVIEW program. To test the solar cell properties under illumination, a 
300 W xenon lamp (6258, Newport) with an air mass (AM) 1.5 filter and an irradiance of 
100 mW/cm2 was used as the light source. The J-V measurement was carried out in 
collaboration with the research group of Professor Bernard Kippelen at the Georgia 
Institute of Technology. 
Barrier film
1. Barrier film preparation 2. Device encapsulation
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Figure 7.5 Photovoltaic lifetime test at controlled environmental conditions 
60°C/90%RH. The measurements are repeated after exposing devices to environmental 
conditions. 
 
Since the environmental stability of these cells were not studied yet, the test was 
started in dark and mild conditions, 20°C/30%RH, in the lab. Since the degradation of 
perovskite cells is related to a photo-oxidation process,[237] the cells were moved to 
ambient light near the windows of the lab, 25°C/50%RH, after 9 days. The J-V curves of 
the devices were measured periodically in the same manner under the 1.5 AM light 
conditions using a solar simulator. Figure 7.6 (a) shows the devices exposed to the 
laboratory environment with ambient light, and Figure 7.6 (b) shows the photo images of 
the devices before and after the test. The perovskite layer color was obviously changed 
from dark purple to light yellow. In contrast, the color of the packaged area in the 
perovskite cells remained purple for about a month. The color change suggests chemical 
changes in the perovskite layer, and it may be suppressed by protecting the layer from 
moisture.  
Figure 7.7 plots the measured PCEs of the perovskite cells. The PCEs of 
perovskite cells with barrier films were more than 10% for up to 36 days, whereas the 
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PCEs of cells without barrier films decreased to below 5% once they were exposed to 
ambient light. In conclusion, the photo-stability of perovskite solar cells to air and/or 
moisture was greatly improved by the indirect encapsulation of PECVD/ALD barrier 
films.  While this work has shown some promise in terms of low temperature testing, 
additional testing under full continuous illumination by the McGehee group showed that 
the cells degraded.  It is not clear if this was due to a reaction with the adhesive tape since 
the results are in contrast to what was shown at room temperature and ambient 
conditions.  Thus, additional research is needed to determine the appropriate method to 
integrate these barrier films with perovskites. In addition, the devices lifetime testing can 
unveil new challenges in the packaging of such devices. 
 
(a)      (b)  
Figure 7.6 Environmental stability test of perovskite solar cells with and with barrier 
films at room temperature conditions. (a) Devices tested in the laboratory environments 









Figure 7.7 PCE vs. time of perovskite solar cells with (red) and without (black) barrier 
films tested in laboratory condition. The two packaged cells (red) operated with the PCE 
over 10% up to 35 days, where the two unpackaged cells (dark) degraded rapidly when 
they exposed to ambient light.  
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